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methods of c a l c u l a t i n g  t h e  r a d i a n t  i n f l u x  of  heat are compared.
Methods of c o n s i d e r i n g  r a d i a n t  heat t r a n s f e r  i n  problems of  t h e  
g e n e r a l  c i r c u l a t i o n  of t h e  atmosphere and weather f o r e c a s t i n g  are 
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Pre face  

The phys ic s  o f  the  atmosphere and meteorology are l o c a t e d  on / 3 *
the  t h r e s h o l d  of a g r e a t  event-the Global  Atmospheric Experiments -
organized  by t h e  I n t e r n a t i o n a l  S c i e n t i f i c  Union f o r  1975.  A 
l a r g e  amount of r e s e a r c h  work f o r  v a l i d a t i o n  o f  t h e  s t a t e m e n t s  of  
s p e c i f i c  measurements p recedes  t h e  performance of  t h e  exper iments .
I n  t h i s  c o l l e c t i o n ,  c e r t a i n  r e s u l t s  of such work of  a c o l l e c t i v e  
o f  s p e c i a l i s t s  on ac t inomet ry  and t u r b u l e n c e  from t h e  I n s t i t u t e  of 
the  Phys ics  of the Atmosphere (IFA) of the  USSR Academy of  S c i e n c e s ,  
i n  ac t inomet ry  of the I n s t i t u t e  o f  Phys ics  and Astronomy of  t h e  
AcaCl'emy of  Sc iences  of E s t o n i a  (IFA AN ESSR) and the  Ukra in ian  
Hydrometeorological  I n s t i t u t e  o f  the GUGMS (Main Admin i s t r a t ion  .of 
the  Hydrometeorological  S e r v i c e )  (Ukr N I G M I )  are p r e s e n t e d  i n  t h i s  
c o l l e c t i o n .  

The g e n e r a l  task a s s i g n e d  to the  combined c o l l e c t i v e  may be '  
formula ted  t h u s  : " I n v e s t i g a t i o n  of  r a d i a t i o n  and t u r b u l e n t  heat 
t r a n s f e r  i n  t h e  atmosphere i n  t h e  r e a c t i o n  w i t h  c loud  cover  f o r  
the  purpose of deve loping  p h y s i c a l l y  v a l i d  methods o f  c a l c u l a t i n g
the i n f l u x  of heat i n  problems o f  t h e  dynamics o f  t he  atmosphere". 

The work began i n  1966 and i n  t h i s  c o l l e c t i o n  t h e  b a s i c  re
s u l t s  ob ta ined  i n  1966-1969 are p r e s e n t e d .  Data from i n d i v i d u a l  
i n v e s t i g a t i o n s  were pub l i shed  b a s i c a l l y  i n  the I z v e s t i y a  AN SSSR, 
S e r i y a  FA0 ( B u l l e t i n  o f  t h e  USSR Academy of Sc iences ,  Phys ics  o f  
the  Atmosphere and Ocean S e r i e s )  i n  s u b j e c t  c o l l e c t i o n s  p u b l i s h e d
by the IFA AN ESSR, i n  t he  t r a n s a c t i o n s  o f  t h e  U k r  N I G M I ,  and 
o t h e r  p u b l i c a t i o n s .  The purpose o f  t he  c o l l e c t i o n  i s  t o  g i v e  a 
g e n e r a l  concept o f  the t o t a l i t y  of  a l l  the  works performed w i t h  
a n  adequa te ly  br ie f  e x p l a n a t i o n  of p a r t i c u l a r  r e s u l t s .  

The d i v e r s e  problems of  t h e  p h y s i c s  of  the  atmosphere,  meteor
ology,  c l ima to logy ,  and e n g i n e e r i n g  r equ i r e .  i n fo rma t ion  concern ing  
t h e  b a s i c  mechanisms of  heat t r a n s f e r  and t h e i r  i n t e r r e l a t i o n s h i p s
i n  t he  earth 's  atmosphere.  I n  p a r t i c u l a r ,  such in fo rma t ion  i s  
necessa ry  f o r  one of the main contemporary problems of  t h e  p h y s i c s
of  the atmosphere and meteorology-invest igat ions of  t he  g l o b a l
large-scale dynamics of the  atmosphere ( g e n e r a l  c i r c u l a t i o n  of  the  
atmosphere)  f o r  t h e - p u r p o s e  of v a l i d a t i o n  and improvement of  the 
methods of long-range weather f o r e c a s t i n g .  T h i s  problem r e q u i r e s  
a c o n s i d e r a t i o n  o f  t h e  b a s i c  energy r e s o u r c e s  of t h e  atmosphere
and, among them, t h e  i n f l u x  of s o l a r  rad ia t ion- the  pr imary moving
f o r c e  o f  a tmospher ic  motion-in r e a c t i o n  w i t h  long-wave ( t h e r m a l )
c o o l i n g  and o t h e r  forms of heat t r a n s f e r .  

I n  t h e  i n v e s t i g a t i o n  o f  the  uns t eady- s t a t e  dynamic regime o f  -t h e  atmosphere,  s o u r c e s  o f  h e a t  must be cons ide red  w i t h  an  allow- /4  
'ance f o r  t h e i r  b a s i c  feedback.  For r a d i a t i o n ,  obv ious ly ,  t h e  main 

- w -Numbers i n  r i g h t h a n d  margin i n d i c a t e  p a g i n a t i o n  of  f o r e i g n  t e x t .  
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r e g u l a t o r  i s  t h e  c loud  cover ,  de t e rmin ing  t h e  feedback of t he  radi
a t i o n  f i e l d  w i t h  t h e  o t h e r  m e t e o r o l o g i c a l  f i e lds .  The re fo re ,  t h e  
uns t eady- s t a t e  p r o c e s s  o f  heat t r a n s f e r  must be s t u d i e d  i n  i n t e r 
r e l a t i o n s h i p  w i t h  t h e  c loud  cover .  I n  t h i s  c o l l e c t i o n  g r e a t  a t t e n 
t i o n  i s  devoted t o  t h e  i n v e s t i g a t i o n  of  t h e  v a r i a b i l i t y  o f : r a d i a 
t i o n  f i e lds  i n  connec t ion  w i t h  t h e  v a r i a b i l i t y  of  c loud cover .  

Three s ta tes  of t h e  atmosphere are cons ide red :  c l o u d l e s s  
c o n d i t i o n s ,  a n  atmosphere w i t h  s t r a to fo rmous ,  and w i t h  convec t ive  
cloud cover .  I n  each  c a s e  i n d i v i d u a l l y ,  two r a d i a t i o n  f i e l d s  are 
i n v e s t i g a t e d :  short-wave ( s o l a r )  (0 .4  h S, 4 . 0  microns)  and long-
wave ( thermal)  ( 4 . 0  5 h s 1 0 0  microns)  r a d i a t i o n ,  s i n c e  t h e i r  r o l e  
i n  heat t r a n s f e r  and r e a c t i o n  w i t h  t h e  atmosphere and, consequent ly ,
a l s o  methods of  d e t e r m i n a t i o n ,  d i f f e r .  Turbulent  heat f l u x e s  are 
cons ide red  on ly  i n  c l o u d l e s s  c o n d i t i o n s  and i n  convec t ive  cloud 
cover  i n  t he  boundary l aye r  of  t h e  atmosphere.  

Much space  i n  t h e  c o l l e c t i o n  i s  devoted  t o  t h e  i n v e s t i g a t i o n
of t h e  q u a n t i t a t i v e  r e l a t i o n s h i p s  of  the  behav io r  o f  heat f l u x e s  
and i n f l u x e s  as a f u n c t i o n  of  t h e  f a c t o r s  de t e rmin ing  t h e m :  pro
f i l e s  of t empera tu re  and humidi ty ,  t h e  t u r b i d i t y  ( p o l l u t i o n )  of 
the atmosphere,  water con ten t  and d r o p l e t  composi t ion of c louds ,  
and t h e i r  arrangement i n  space .  The s t a t i s t i c a l  s t r u c t u r e  o f  
r a d i a n t  f l u x e s  i s  cons idered .  

A l l  t he  material  i n  t h e  c o l l e c t i o n  i s  d i v i d e d  i n t o  f o u r  par t s ,
i n d i v i d u a l  s e c t i o n s  o f  which were w r i t t e n  by t he  a u t h o r s  i n d i c a t e d  
i n  the  t a b l e  o f  c o n t e n t s .  The fo l lowing  s y s t e m  o f  symbols has been 
accep ted  f o r  c i t a t i o n s  t o  a r t i c l e s  of t h i s  c o l l e c t i o n :  i n  b r a c k e t s  
the  number of  t he  p a r t  i s  i n d i c a t e d  i n  Roman numerals ,  and t h e n ,  
i n  a r a b i c  numerals t h e  sequence number o f  t h e  a r t i c l e  i n  t h e  co l 
l e c t i o n  (see the  T a b l e  of Con ten t s ) .  

I n  conc lus ion ,  t h e  a u t h o r s  thank  Academician A .  M .  Obukhov, 
Academician of t he  Es ton ian  SSR Academy of Sc iences  A. Y a .  Kipper ,
Candidate of P h y s i c a l  and Mathematical  Sc iences  K .  T. Logvinov,
and a l s o  P r o f e s s o r  G. V. Rozenberg, Doctor of  P h y s i c a l  and Mathe
m a t i c a l  Sc iences  Yu. K.  Ross, Candidate of  P h y s i c a l  and Mathemati
ca l  Sc iences  A. V. Tkachenko f o r  s u p p o r t i n g  the  work and c o n s t a n t  
good w i l l .  

Airborne work i n  t h e  s tudy  of r a d i a t i o n  heat t r a n s f e r  i n  c louds  
was b a s i c a l l y  performed aboard a i r c r a f t  o f  t h e  Ukr N I G M I  from t h e  
base a t  t h e  m e t e o r o l o g i c a l  t e s t  area of t h i s  i n s t i t u t e .  The a u t h o r s  
thank  t h e  c h i e f  of t h e  me teo ro log ica l  t e s t  area o f  t h e  Ukr. N I G M I ,  
Comrade A .  I. Furman, and t h e  c o l l e c t i v e  of p i l o t s  and a i r b o r n e  
a e r o l o g i s t s  who provided  f o r  t h e  performance of  t h i s  work. 
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L i s t  o f  Symbols 

Ak - short-wave a lbedo  
B - t o t a l  r a d i a t i o n  ba lance  

Bk - ba lance  of short-wave r a d i a t i o n  

Bd - ba lance  o f  long-wave r a d i a t i o n  
AB - t o t a l  r a d i a t i o n  heat i n f l u x  t o  t h e  l a y e r  

ABd - i n f l u x  o f  long-wave r a d i a t i o n  
ABk - i n f l u x  of short-wave r a d i a t i o n  

6 - t r ansmiss ion  f u n c t i o n  f o r  d i f f u s e  r a d i a t i o n  
D.C. - downflux (descending  f low)  o f  s c a t t e r e d  r a d i a t i o n  
D+ - upf lux  (up f low)  o f  s c a t t e r e d  r a d i a t i o n  
E X  - black-body r a d i a t i o n  on t h e  wavelength X 
E = a T4 

F - e f f e c t i v e  r a d i a t i o n  
FJ. - downflux of long-wave r a d i a t i o n  
F+ - upf lux  o f  long-wave r a d i a t i o n  

f - l i n e a r  f requency  
.H - a l t i t u d e  of  upper boundary of  t he  atmosphere 

Io - s o l a r  c o n s t a n t  
M - number of o b s e r v a t i o n s ,  r e a d i n g s ,  c a s e s ,  r e a l i z a t i o n s  
m - m a s s  o f  a i r  

mx - m a s s  of subs t ance  x (x=v water  vapor;  % d r o p l e t  
wa te r ,  u-carbon d i o x i d e  gas ) ;  mx i s  c a l c u l a t e d  a t  
a g iven  	va lue  of p 

X 
acco rd ing  t o  t h e  formula 

Z 

n - q u a n t i t y  of  r e l a t i v e  cloud cover  
- q u a n t i t y  of  c loud  cover  i n  t h e  d i r e c t i o n  of  t he  

no z e n i t h  or n a d i r  
ng - q u a n t i t y  o f  c loud  cover  i n  t h e  d i r e c t i o n  19 

P - p r o b a b i l i t y  
CP - t r a n s p a r e n c y  of  t h e  l a y e r  or t r a n s m i s s i o n  of  

r a d i a t i o n  by t h e  l a y e r  

xi 




p - p r o b a b i l i t y  d e n s i t y  
Q - f l u x  of  t o t a l  s o l a r  r a d i a t i o n ,  i . e . ,  sum of  t h e  

f l u x e s  of descending d i r e c t  and s c a t t e r e d  s o l a r  
r a d i a t i o n  

Qo - average  d i u r n a l  f l u c t u a t i o n  o f  t h e  t o t a l  r a d i a t i o n  
a t  the  s u r f a c e  of t h e  earth f o r  a c l o u d l e s s  sky f o r  
a g iven  c a l e n d a r  day and geograph ica l  p o i n t  

Q*=Q/Qo - r e l a t i v e  t o t a l  r a d i a t i o n  f l u x  
R - long-wave r a d i a n t  heat i n f l u x  to an  element of  

volume 
r ( x ) ,  r ( t )  - s t a n d a r d i z e d  a u t o c o r r e l a t i o n  f u n c t i o n  of  v a r i a b i l i t y

of r a d i a n t  f l u x e s  i n  space  and i n  t i m e ,  r e s p e c t i v e l y  

R1, tl - c o r r e l a t i o n  r a d i u s ,  determined from t h e  c o n d i t i o n  
r ( R 1 ) = r  ( t1)=o .5  

g2, t2 - the  same, a t  t h e  c o n d i t i o n  r ( k 2 ) = r ( t 2 ) = 0 . l  
S - f l u x  o f  d i r e c t  r a d i a t i o n  o f  the  sun t o  a s u r f a c e  

p e r p e n d i c u l a r  t o  t h e  beams 
S '  - f l u x  o f  d i r e c t  r a d i a t i o n  o f  t h e  sun t o  a h o r i z o n t a l  

s u r f  a c e  

S ( w )  o r  S ( f )  - s p e c t r a l  d e n s i t y  
So - average  d i u r n a l  f l u c t u a t i o n  o f  the d i r e c t  r a d i a t i o n  

f l u x  t o  a p e r p e n d i c u l a r  p l a n e  a t  t h e  s u r f a c e  o f  t h e  
ear th  w i t h  a c l o u d l e s s  sky  f o r  a g iven  c a l e n d a r  day
and geograph ica l  p o i n t  

S*=S/So - r e l a t i v e  f l u x  of d i r e c t  s o l a r  r a d i a t i o n  
- d u r a t i o n  of  s u n l i g h t  

T 	- a b s o l u t e  tempera ture  (to C i s  t h e  tempera ture  i n  
degrees Cent igrade 

t - t i m e  


U - r e l a t i v e  humidi ty  

u - con ten t  of  C 0 2  


V - v a r i a b i l i t y  f a c t o r  


v - v e l o c i t y  (speed, r a t e )  


x, y,  z - spa t ia l  c o o r d i n a t e s  
Zn.g. - h e i g h t  of  lower boundary of c loud  
Z v.g. - h e i g h t  of  upper boundary of  c loud 

x i i  
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9 - z e n i t h  ang le  
90 - z e n i t h  a n g l e  of the sun 
X - wave-length 
v - wave number 
p - d e n s i t y  of t h e  a i r  

- c o n t e n t  of  t h e  subs tance  x i n  a u n i t  o f  volume of 
px t h e  a i r  ( s e e  m x >  
o2 - d i s p e r s i o n  
T - o p t i c a l  t h i c k n e s s  
w - a n g u l a r  f requency 

nA - averaged q u a n t i t y  o f  t h e  r e l a t i v e  cloud cover  
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I. LONG-WAVE RADIATION' 

INTEGRAL FUNCTION OF THE TRANSMISSION OF THERMAL R A D I A T I O N  

L. M. Gradus, Kh. Yu. N i y l i s k ,  and Y e .  M. Feygel ' son  

For  c a l c u l a t i o n  of f l u x e s  of  t he rma l  r a d i a t i o n  i n  t h e  t ropo
sphe re  a n  i n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  w a s  c o n s t r u c t e d  [l], con
s i d e r i n g  a b s o r p t i o n  by d r o p l e t  wa te r .  This  t r a n s m i s s i o n  f u n c t i o n  
r e q u i r e s  t h e  assignment  of  t h e  d i s t r i b u t i o n  of  t h e  d e n s i t y  o f  
d r o p l e t  water or t h e  water c o n t e n t  of  t h e  c loud  i n  space and i n  
t ime,  t o g e t h e r  w i t h  t h e  cor responding  d i s t r i b u t i o n s  of t h e  gaseous
abso rb ing  s u b s t a n c e s .  By means of  such a f u n c t i o n  it t u r n s  o u t  
t o  be p o s s i b l e  t o  d e s c r i b e  t h e  cont inuous  t r a n s i t i o n  from cloud
less c o n d i t i o n s  t o  c loudy c o n d i t i o n s  and v i c e  v e r s a ,  t h u s  t r a c i n g
t h e  v a r i a t i o n  of t h e  r a d i a t i o n  i n f l u x  i n  t h e  p r o c e s s  o f  t h e  dev
elopment and d e s t r u c t i o n  of  c louds .  We a l s o  succeeded i n  con
s t r u c t i n g  a cont inuous  p r o f i l e  of  t h e  i n f l u x  i n  t h e  e n t i r e  l a y e r
of  t h e  t r o p o s p h e r e ,  i n c l u d i n g  t h e  c loud  l a y e r .  P r i o r  assumptions
concern ing  t h e  n a t u r e  of t h e  r a d i a t i o n  of  t h e  c loud  boundar ies  
t u r n  out  t o  be unnecessary .  

According to d e f i n i t i o n ,  an i n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  
f o r  d i r e c t i o n a l  r a d i a t i o n  of f requency v ' i s  d e s c r i b e d  by t h e  
formula 

Here m
V 

and me a r e  t h e  e f f e c t i v e  masses of water vapor  and 
carbon d i o x i d e  g a s ,  c o n s i d e r i n g  t h e  v a r i a t i o n  of t h e  p r e s s u r e  i n  
t h e  a i r  l a y e r  under  c o n s i d e r a t i o n ;  m

W 
i s  t h e  t r u e  mass o f  d r o p l e t  

water i n  t h i s  same l a y e r ;  @,(x> i s  t h e  s p e c t r a l  t r a n s m i s s i o n  func
t i o n  of t h e  co r re spond ing  subs t ance  (x=mv, m c ,  o r  mw) 

-  - - .___ 

'The con ten t  o f  t h e  1-4 th  and 8 t h  a r t i c l e s  of t h i s  p a r t  were p re 
s e n t e d  i n  a more complete form i n  Ye. M.  F e y g e l ' s o n ' s  monograph
" L u c h i s t i y  teploobmen i oblaka" (Radiant  Heat T r a n s f e r  and Clouds)
(Gidrometeoizda t ,  1 9 7 0 ) .
n
Numbers i n  t h e  r i g h t  margin i n d i c a t e  p a g i n a t i o n  of  f o r e i g n  t e x t .  



-
T is the average temperature. 


According to formula (1)numerical inte ration was done 
a t  Av = 2 5  cm 1 in the i n t e r v a l  (25-2800 cm-f) at T = 260 
kelvins. The values of the transmission functions ahu(ma) and /8 
QiAv (mc ) from c2.1 were used, and the function QAV(mw) was assumed 
in the form 


where aAv is the absorption factor of the droplet water, calculated 
according to data from [3] and [ 4 ]  for two characteristic distri-

I .butions of cloud droplets by dimension. 

The tables of the integral transmission function of gaseous 
components obtained for a case of mw = 0 are given in [5].  

In [l], attention is called to the feasibility of the approx

imation of the function '@(mv, me, mw), by formulas with separation 

of the variables that are convenient for calculation. For this 
the natural separation of the predominating part of the spectrum
(0-550 cm-l) and (800-2800 em-1) was used, in which, at cloudless 
conditions, only water vapor is absorbed. The transmission func
tion at mw = 0 was represented in the form 

( 3 )  

where 


( 4 )  

It was further assumed that: 


2 




where 

. The l i n e  over  t h e  r i g h t h a n d  pa r t  of t he  las t  e q u a t i o n  s i g n i 
f i e s  ave rag ing  w i t h  r e s p e c t  to mv ( 0  S mv I 1 cm) of  t he  expres
s i o n  enc losed  i n  t h e  b r a c k e t s ,  t h a t  depends only s l i g h t l y  upon mv. 

A s  a r e s u l t  t h e  i n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  of  t h e  gaseous 
components w a s  p r e s e n t e d  i n  t h e  form 

and each of t h e  f u n c t i o n s  i n  t h e  r igh thand  pa r t  o f  r a t i o  ( 8 )  w a s  -approximated by e x p o n e n t i a l  f u n c t i o n s :  

where 

H 


I n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  
of  d i r e c t i o n a l  r a d i a t i o n .  
1- a c c u r a t e  v a l u e s ;  2- approxi 
mation by formulas  ( 8 )  and ( 9 ) .  
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The e r r o r  of  t h e  approximation may be estimated accord ing  
t o  t h e  data i n  t h e  drawing. 

The parameters of  formula ( 9 )  a t  mv I 1 cm; m
C 

S 300 cm are 
g iven  i n  t h e  t ab le ;  i n  t h e  p a r e n t h e s e s  t h e  v a l u e  of  t h e  parameters  
are g iven  a t  mv S 1 0  cm and mc S 500 cm. 

i 

2 
3 

The t r a n s m i s s i o n  f u n c t i o n  a t  mw f 0 was p r e s e n t e d  i n  t h e  
form 

where cc i s  t h e  ave rage  a b s o r p t i o n  f a c t o r  of t h e  d r o p l e t  water, / l o-determined acco rd ing  t o  t h e  formula 

where t h e  ave rag ing  i s  performed accord ing  t o  mv, mc,  and mw w i t h 

i n  l i m i t s  o f  0-1 cm, 0-300 cm, and 0-0.001 cm, r e s p e c t i v e l y .  The 
e r r o r  due t o  t h e  use  o f  t h e  averaged v a l u e  o f  a i n  comparison w i t h  
t h e  c a l c u l a t e d  v a l u e  acco rd ing  t o  formula (1) does n o t  exceed 1 0 % .  

The f o l l o w i n g  v a l u e s  of  t h e  c o e f f i c i e n t  a are recommended 
for s t r a t o f o r m  c louds  of v a r i o u s  t y p e s :  

500 cm2g-’ i n  Sc and A s  c louds  
a = {  2000 cm2g-’ i n  S t  and N s  c louds .  

I n  conc lus ion ,  w e  w i l l  i n d i c a t e  t h a t  the use  of t h e  f u n c t i o n  
6(mv, mc,  mw) i s  f e a s i b l e  i n  m u l t i - l e v e l  problems o f  c loud  

4 



format ion ,  when t h e  magnitude of mw(z> i s  c a l c u l a t e d .  A t  mw = 0 ,  

t h i s  ‘ func t ion  i s  one of t he  v a r i a t i o n s  of the i n t e g r a l  t r a n s m i s s i o n  
f u n c t i o n  of t he  gaseous components compared i n  [l] w i t h  o ther  
f u n c t i o n s  of such a t y p e .  P o s s i b l e  advantages of t h e  v a r i a t i o n  
desc r ibed  a r e t h e  use of newer s p e c t r a l  data and t h e  c o n s t r a c t i o n  
of adequatc ly  p r e c i s e  %pproximation formulas .  

5 
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FEATURES OF LONG-WAVE RADIANT INFLUX 
I N  STRATOFORMOUS CLOUD COVER 

(Numerical Experiment)  
L. V. Pe t rova  and Y e .  M. Feygel ' son  

T h e  non-monotonic behav io r  of  i n f l u x  as a f u n c t i o n  of  a l t i - /11
t u d e  i n  c o n d i t i o n s  of  s t r a t i f o r m  c loud  cover  makes i t  necessa ry  
t o  s tudy  i t  as a f u n c t i o n  of g e o m e t r i c a l  c o n d i t i o n s  ( l e v e l  of l o 
c a t i o n ,  t h i c k n e s s  and q u a n t i t y  of c loud  l a y e r s ) , o f  p h y s i c a l  prop
e r t i e s  o f  t h e  c loud  (water c o n t e n t  and dimensions op t h e  droplets3,
and of  t he  d i s t r i b u t i o n  of  t empera tu re  and humidi ty .  

To a s c e r t a i n  these dependences,  a numer i ca l  experiment w a s  
performed which made i t  p o s s i b l e  to i n v e s t i g a t e  the e f f e c t  o f  
each  of the  f a c t o r s  l i s t e d  above separately.  Such a n  experiment
t u r n e d  o u t  to be p o s s i b l e  a f t e r  an i n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  
f o r  c loud  c o n d i t i o n s  w a s  c o n s t r u c t e d  cI.11, making it I ;o s s ib l e  t o  
c a l c u l a t e  the  con t inuous  v e r t i c a l  p r o f i l e  of  t h e  long-wave radi
a n t  i n f l u x  under  the  c loud ,  i n  t he  c loud ,  and above i t ,  w i t h  con
s i d e r a t i o n  of  t h e  p r o p e r t i e s  of  t h e  c loud  l a y e r .  The s t a t e m e n t  
o f  t he  problem and a b r i e f  summary o f  t he  r e s u l t s  are given.  below. 
The r e s u l t s  of the  numer ica l  experiment  are exp la ined  i n  d e t a i l  i n  
re fs .  [1,2]. 

C o n d i t i o n s - o f  the experiment .  The i n f l u x  R ( z )  w a s  c a l c u l a t e d  
i n  the- i n t e r v a x  03 z S H a t  H = 1 0  k m  w i t h  a spac ing  Az = 50 m 
on the "Minsk-2" e l e c t r o n i c  computer acco rd ing  to t h e  formula 

Here R ( z )  i s  the  i n f l u x  a t  t he  g iven  d i s t r i b u t i o n s  o f  humid
i t y  pv (z ) ,  water c o n t e n t  p w ( z ) ,  and t empera tu re  T ( z )  a s s i g n e d ,  
w i t h  r e s p e c t  to a l t i t u d e ;  mv, mw, mc r e p r e s e n t  t he  mass of the  
water vapor ,  d r o p l e t  water, and carbon d i o x i d e  gas  i n  the a i r  
column ( 0 ,  z ) ;  m;, m;, and m i  are the same i n  the column (0,  2'). 

I n  accordance w i t h  cI.1-l the f u n c t i o n  6(mv, mw, mc)  w a s  p r e s e n t e d  
i n  t he  form.6(mv, mw, mc)  = e-kamw S b V ,  m c ) ,  where a i s  the 
a b s o r p t i o n  f a c t o r  o f  the d r o p l e t  water, depending upon the  form 
of  c loud  cover;  k i s  a d i f f u s i v i t y  parameter ,  by means of  which 
the  s c a t t e r i n g  of long-wave r a d i a t i o n  i n  the c loud  i s  roughly  

, ... . 
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cons idered;  R(mv,  m
C 

) i s  t h e  t r a n s m i s s i o n  f u n c t i o n  of t h e  gaseous 
components from re f .  C31. 

I n  the  performance o f  t h e  numer i ca l  exper iment ,  a l l  t h e  par
ameters of  t h e  atmosphere were f i x e d  i n  sequence except  one, ac
co rd ing  t o  which t h e  t a b u l a t i o n  w a s  conducted w i t h i n  l i m i t s  approx- _ _  
i m a t e l y  cor responding  t o  t he  r e a l  v a r i a t i o n  of  t h i s  parameter. 

A b a s i c  model o f  t he  atmosphere w a s  assumed i n  which t h e  d i s - /12
t r i b u t i o n s  of  t h e  t empera tu re  and humidi ty  were a s s i g n e d  by the  
formulas  : 

a t  

Here z 1 E z n .g .  and z2  E Z v .g .  are the  boundar ies  of  the 

c loud;  f ( T )  i s  t h e  humidi ty  i n  c o n d i t i o n s  of  s a t u r a t i o n  a t  -the 
tempera ture  T. The c o n s t a n t s  al and a2 w e r e  s e l e c t e d  s o  tha t  out 
s i d e  t h e  i n t e r v a l  (zl, z 2 )  no s a t u r a t i o n  w a s  ach ieved ,  and t h e  
magnitude of t h e  humid i ty  w a s  c l o s e  t o  t h e  observed va lue .  -

The p r o p e r t i e s  o f  t he  cloud i n  the b a s i c  model were deter
mined b y  t he  parameters: water c o n t e n t  ( a b s o l u t e  humidi ty)  pw = 

= 0.2  g/m3; g r a d i e n t  of a b s o l u t e  humid i ty  a t  t he  boundar ies  

average  a b s o r p t i o n  f a c t o r  of  d r o p l e t  water, a = 1300 cm2/g; k = -= 1 .66 ;  zn.g.  - 2 k m ,  Z v e g .  = 3 km. 

I n  a c l o u d l e s s  atmosphere t h e  t empera tu re  d i s t r i b u t i o n  w a s  
d e s c r i b e d  by formula ( 2 ) ,  and t h e  h u m i d i t y  by formula (3") ,  a t  
a2 = 0.45  km-1 and z2  = 0. 

I n  t h e  tab le  t h e  p r o f i l e s  of  r a d i a n t  i n f l u x  i n  cloudy and /l3

c l o u d l e s s  c o n d i t i o n s ,  c a l c u l a t e d  f o r  t h e  b a s i c  model, are com
pared. It i s  appa ren t  tha t  i n  t h e  c loud  l a y e r  a unique p r o f i l e  

8 
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-0.141 -0,313 
-0,0795 -0,255 
-0.0427 '-0.218 
-0,0116 -0,189 
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of t h e  r a d i a t i o n  i n f l u x  i s  formed, w i t h  c h a r a c t e r i s t i c  peaks of  
h e a t i n g  and c o o l i n g  n e a r  t h e  lower and upper  boundar ies  o f  t h e  
c loud ,  r e s p e c t i v e l y .  

I n  t he  l a y e r  under  t h e  c loud ,  r a d i a t i o n  i n f l u x  i s  one o r  one
and-one-half o r d e r s  o f  magnitude less t h a n  a t  t h e  same l e v e l s  i n  
c l o u d l e s s  c o n d i t i o n s .  I n  t h e  dep ths  of  t h e  c loud  t h e  i n f l u x  i s  
c l o s e  t o  zero .  i n  t h e  l a y e r  over  t h e  c loud  w i t h  a growth o f  z 
t h e  magnitude of t h e  i n f l u x  approaches t h a t  cor responding  t o  
c l o u d l e s s  c o n d i t i o n s ,  remain ing  approximate ly  30% g r e a t e r  t h a n  
t h e  l a t t e r  a t  z L . ~  5 k m .  

M I 

Fig .  1. Behavior o f  t h e  q u a n t i t i e s  Rn and Rv i n  a case  
of a moving c loud  (1) and an expanding c loud  ( 2 ) .  
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P r o f i l e  o-f r a d i a n t  i n f l u x  -as-a-fgnction of-g_e_ometr&cal f a c t o r s .-~ 

The change i n  R ( z )  as a f u n c t i o n  of t h e  l e v e l  of t h e  cloud l a y e r - - -
was cons ide red  as w e l l  as t h e  change i n  i t s  t h i c k n e s s  as a f u n c t i o n  
of  t h e  number of  c loud l a y e r s .  

The numer ica l  experiment  demonstrated t ha t  t he  l a y e r s  o f  ex
treme h e a t i n g  and c o o l i n g  a r e  l o c a l i z e d  w i t h i n  the  c loud  n e a r  t h e  
boundar ies  and move t o g e t h e r  w i t h  them i n  u p l i f t i n g  or expans ion
of  t h e  c loud  l a y e r .  The maximum c o o l i n g  a t  t he  upper  boundary, 
RV , i s  always g r e a t e r  i n  a b s o l u t e  magnitude t h a n  maximum h e a t i n g  
a t  t h e  lower boundary Rn. However, w i t h  a n  i n c r e a s e  i n  t h e  l e v e l s  
of  t h e  boundar ies  t h e  q u a n t i t y  Rn i n c r e a s e s  much f a s t e r  t h a n  l R v l ,  
s o  t h a t  t he  d i f f e r e n c e  IRvI  - Rn d e c r e a s e s  w i t h  a r i s e  of t h e  
c loud .  I n  t h e  expansion o f  t h e  c loud  t h i s  d i f f e r e n c e  d e c r e a s e s  
or i n c r e a s e s  depending upon t h e  d i r e c t i o n  o f  expans ion .  

The behav io r  of  t h e  peaks o f  t h e  extreme i n f l u x  i s  appa ren t
i n  F ig .  1, where on one curve t h e  v a l u e s  of Rn a r e  p l o t t e d ,  and 
on t h e  o t h e r  t h e  v a l u e s  of  Rv as a f u n c t i o n  of  t h e  l e v e l s  of  t h e  
boundar ies  w i t h  a r i s e  of  the  c loud  from 1-2  k m  t o  5-6 k m  and i n  
expansion from a t h i c k n e s s  of 0 .5  k m  to 4.5  km. 

With s e v e r a l  c loud  l a y e r s ,  t h e i r  mutual  arrangement t u r n s  
ou t  t o  be more e s s e n t i a l  t h a n  t h e  t h i c k n e s s  o f  each  of  them: a 
nearby t h i n  upper c loud  suppres ses  r a d i a t i o n  c o o l i n g  of t h e  
lower cloud more s t r o n g l y  t h a n  a d i s t a n t  and t h i c k  c loud .  

At t h e  e x t e r n a l  boundar ies  of t h e  c loud  system-the lower /14
a t  t h e  lower c loud  and t h e  upper a t  t h e  upper cloud-heating and 
c o o l i n g  a r e  determined by  t h e  l e v e l  o f  t h e s e  boundar ies  and are 
i n d i f f e r e n t  to t h e  number of l a y e r s .  

Rad ia t ion  i n f l u x e s  n e a r  t h e  i n t e r n a l  boundar ies  are  cons ide r 
a b l e  and exceed i n f l u x e s  a t  t h e  same l e v e l s  i n  t h e  absence of 
c louds ,  i n s i d e  c louds ,  o r  i n  t h e  l a y e r s  under  o r  between t h e  c louds .  

E f f e c t  of t h e  p h y s i c a l  p r o p e r t i e s  of  t h e  c loud .  I n  CI.31 it  
i s  demonstrated t h a t  t h e  r a d i a t i o n  ig-flux n e a r  t h e  cloud boundary-~ 

e s s e n t i a l l y  depends upon t h e  g r a d i e n t  o f  t h e  a b s o l u t e  humidi ty  and 
upon t h e  a b s o r p t i o n  f a c t o r  of t h e  d r o p l e t  water. Rad ia t ion  i n 
f l u x e s  were c a l c u l a t e d  a t  d i f f e r e n t  v a l u e s  o f  t h e  parameters  i n d i 
c a t e d .  The a b s o l u t e  humidi ty  was assumed accord ing  t o  t h e  formula 
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which makes i t  p o s s i b l e  t o  va ry  t h e  parameters  pwYmax,  t h e  maximum 
a b s o l u t e  humidi ty  (wa te r  c o n t e n t )  o f  t h e  c loud ,  and dpw/dzi (i = 
= 1 . 2 )  independent ly .  

. C a l c u l a t i o n s  demonstrated t h a t  w i t h  a growth dpw/dzi w i t h ' t h e  
c o n d i t i o n  pw,max = cons t  t he  r a d i a t i o n  h e a t i n g  (or c o o l i n g )  l a y e r  
narrows; t h e  magnitude of  t he  maximum h e a t i n g  (or c o o l i n g )  i n 
c r e a s e s  and t h e  l e v e l  approaches t h e  cor responding  boundary. 

The v a r i a t i o n s  o f  t h e  r a d i a t i o n  i n f l u x  i n  t h e  v i c i n i t y  of  
t h e  upper  boundary o f  t h e  c loud  are i l l u s t r a t e d  i n  F ig .  2 ,  where 
t h e  d i s t r i b u t i o n  of t h e  a b s o l u t e  humidi ty  i n  each  case  i s  a l s o  
g iven .  

a I 

R ; c a l / m  5/min4' yf f f  4r 0.. A 
lo 

P W  d m  

F ig .  2 .  	 Radia t ion  c o o l i n g  i n  t h e  v i c i n i t y  of  t h e  upper boundary
of  a c loud  ( a )  and the  a b s o l u t e  humidi ty  c a l c u l a t e d  ac
co rd ing  t o  formula ( 4 )  a t  pw,max = 0 . 2  g/m' ( b ) .  

1- dPw/dzv.g. = 0 . 2  g/m3 . k m ;  2- 0 . 5  g/m3 Okm; 3- 1 g/m3*km; 
4- 2 g/m3*km; 5- 4 g/m3*km; 6- 1 0  g/m3.km. 

The r e l a t i o n  between i n f l u x  and d r o p l e t  spectrum i s  ex- /15
p r e s s e d  i n  terms of t h e  average a b s o r b t i o n  f a c t o r  a o f  t h e  
d r o p l e t  water CI.11. To a s c e r t a i n  t h e  dependence of  t h e  ' i n f l u x  
upon t h i s  parameter ,  c a l c u l a t i o n s  were performed a t  d i f f e r e n t  
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v a l u e s  of  a. It was a s c e r t a i n e d  t h a t  w i t h  a growth of  a t h e  cool
i n g  and h e a t i n g  peaks behave j u s t  as t h e y  do w i t h  a growth o f  
dpw/dzi. T h i s  e f f e c t  i s  exp la ined  i n  C1.31 and [ 4 ] .  

The v a r i a t i o n  o f  t h e  parameter a i s  p e r c e p t a b l e  i n  a l aye r  
w i t h  a t h i c k n e s s  o f  500-700 m under  the  c loud  and more t h a n  1 0 0  m 
o v e r  t h e  cloud.  

Temperature and humidi ty .  The v a r i a t i o n s  o f  t h e  i n f l u x  as a 
f u n c t i o n  of t h e  v a r i a t i o n  o f  t h e  t empera tu re  p r o f i l e  and t h e  hu
m i d i t y  p r o f i l e  as a whole were cons ide red ,  and a l s o  as a f u n c t i o n  
of  the  d i s t r i b u t i o n  of  these  q u a n t i t i e s .  I n  p a r t i c u l a r ,  t he  i n 
f l u x e s  were c a l c u l a t e d  a t  t empera tu re  and humidi ty  i n v e r s i o n s .  
The i n f l u x  i n  t h e  boundary l a y e r  of  t h e  atmosphere as a f u n c t i o n  
of  t h e  tempera ture  d i f f e r e n c e  AT = Ts - T ( 0 )  was estimated, where 
Ts i s  t h e  tempera ture  o f  t h e  s o i l .  

The c a l c u l a t i o n s  have demonstrated t h a t  t h e  v a r i a t i o n s  of 
t h e  i n f l u x  due t o  t h e  v a r i a t i o n  o f  t h e  average  t empera tu re  and 
humidi ty  w i t h i n  t h e  l i m i t s  of  p o s s i b l e  c l i m a t i c  v a l u e s  are small 
i n  comparison w i t h  t h e  v a r i a t i o n s  i n t r o d u c e d  by the  c loud  cover .  

Real i r r e g u l a r  t empera tu re  and humidi ty  o s c i l l a t i o n s  cause 
o s c i l l a t i o n s  of  t h e  i n f l u x  i n  c l o u d l e s s  c o n d i t i o n s  comparable w i t h  
i t s  average magnitude. 

I n  a s c e r t a i n i n g  t h e  dependence of t h e  i n f l u x  upon i n v e r s i o n s  
of  t h e  q u a n t i t i e s  i n d i c a t e d  i t  was observed t h a t  t h e  tempera ture
i n v e r s i o n s  have a s t r o n g e r  e f f e c t  upon t h e  behav io r  o f  t h e  radia
t i o n  i n f l u x  t h a n  humidi ty  i n v e r s i o n s ,  i f  bo th  take p l a c e
ir .  a narrow l a y e r  s imi la r  to r e a l  a tmospher ic  i n v e r s i o n s  

The behav io r  o f  t h e  i n f l u x  i n  t h e  t empera tu re  i n v e r s i o n  l a y e r  
q u a l i t a t i v e l y  resembles t h a t  observed n e a r  t h e  c loud  boundar i e s ,  
b u t  t h e  i n t e n s i t y  of peaks of  h e a t i n g  and c o o l i n g  i s  cons ide rab ly  
l e s s .  

The c a l c u l a t i o n s  of  t h e  i n f l u x  a t  v a r i o u s  v a l u e s  of  t h e  para
meter  AT and a s t a n d a r d  d i s t r i b u t i o n  of t empera tu re  and humidi ty
demonstrated t h a t  i n  summer i n  t h e  mid-day hours  o v e r  d r y  l a n d ,  
when the  tempera ture  d i f f e r e n c e  between t h e  s o i l  and t h e  a i r  may
r e a c h  va lues  o f  A T  = 20-30° t h e  boundary l a y e r  o f  t h e  atmosphere 
to a l e v e l  z = 1 k m  i s  hea ted  by long-wave r a d i a t i o n  of t he  s o i l .  
I n  t h e  l a v e r  250 m z 2 500 m t h i s  h e a t i n g  i s  comparable w i t h  
a coo l ing  a t  AT = 0 ,  and i n  t h e  l a y e r  z < 250 m apprec i ab ly
exceeds t h e  l a t t e r .  Near t h e  e a r t h ' s  s u r f a c e  a t  AT = 3 0 ° ,  
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e x c e p t i o n a l l y  s t r o n g  h e a t i n g  occur s ,  comparable w i t h  r a d i a t i o n  
c o o l i n g  a t  t h e  s u r f a c e  of t h e  boundary of t h e  cloud l a y e r .  

Thin cloud cover .  The r a d i a t i o n  e f f e c t  of t h i n  c loud  cover  
was cons idered  s e p a r a t e l y .  The  enormous abso rb ing  c a p a b i l i t y  of 
d r o p l e t  water makes t h i s  e f f e c t  q u i t e  n o t i c e a b l e .  I n  F ig .  3 t$e 
c o o l i n g  peaks of t h i n  (p, = 0 . 0 1  g / m 3 )  and dense (p, = 0 . 2  g/m ) 

c louds  are compared a t  t h e  same g r a d i e n t s  of  t h e  a b s o l u t e  humidi ty
a t . t h e  boundar ies  dpw/dzi = 0.2  g/m3*km; f o r  comparison, a case  
of  i n f l u x  i n  c l o u d l e s s  c o n d i t i o n s  and a t  p, = 0.2  g / m 3  a t  dpw/dzi= 
= 4 g/mP*km i s  a l s o  g iven .  I n  F ig .  3 t he  s i m i l a r i t y  of t h e  pro-'  1 1 6  
f i l e s  of t h e  i n f l u x  i n  t h e  v i c i n i t y  of  t h e  upper boundary of t h i n  -
and t h i c k  c louds  i s  shown a t  t he  same g r a d i e n t  of t h e  a b s o l u t e  
humidi ty  and t h e  d e c i s i v e  d i f f e r e n c e  of t h e  case  of a weak c loud  
from c o n d i t i o n s  of a c l o u d l e s s  atmosphere is shown. 

F ig .  3. 	 P r o f i l e  of t h e  i n f l u x  i n  t h e  v i c i n i t y  of t h e  boundary of 
a cloud l a y e r .  1- c l o u d l e s s  c o n d i t i o n s ;  2- pw=const=O.Ol 
g/m3, dpw/dzi=O.l g/m3*km; 3- pW= 0 . 2  g / m 3 ,  dpw/dzi=0.2 g 
p e r  m 3 * k m ;  4- p = 0 . 2  g / m 3 ,  dpw/dzi=4 g/m3*km.

W 

According t o  data from c a l c u l a t i o n s ,  c loud  cover  w i t h  an  
a b s o l u t e  humidi ty  p, 5 0 .05  g/m3 should  be cons ide red  as t h i n  i n  
t h e  r a d i a t i o n  sense .  

I n  the range  of  a b s o l u t e  humidi ty  from 0 . 0 1 t o  0.03 g/m3 the 
i n f l u x  a c q u i r e s  q u a l i t a t i v e  c r i t e r i a  t h a t  are c h a r a c t e r i s t i c  for 
c louds .  I n  t h e  range  of  0 .03 -0 .05  g/m3 t h e  numer ica l  v a l u e s  of  
the i n f l u x  become c l o s e  t o  t h o s e  observed i n  c o n d i t i o n s  of t h i c k  
c loud  cover .  



With a f u r t h e r  i n c r e a s e  i n  the a b s o l u t e  humid i ty , the  i n f l u x  
becomes s e n s i t i v e  t o  t h i s  parameter  and v a r i e s  on ly  as a f u n c t i o n  
of t h e  g r a d i e n t  of the  a b s o l u t e  humidi ty  a t  the  c loud  boundar ies .  
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A CLOUD A S  A HEAT S I N K  
Y e .  M .  Feygel ' son  

The a b s o r p t i o n  c a p a c i t y  of  d r o p l e t  water i n  t h e  thermal radia- /l'(-
t i o n  range may be  roughly estimated accord ing  t o  t h e  formula 
I n  t ( p w l l )  = cxpwll = 1 cI.11. With t h e  a b s o l u t e  humidi ty  (wa$er: 
c o n t e n t )  p, of s t r a to fo rmous  c louds  b e i n g  of  t h e  o r d e r  of  lor7 g

2 p e r  cm3 and t h e  a b s o r p t i o n  f a c t o r  cx of t h e  o r d e r  of 500-2000 cm /g 
t h e  l e n g t h  R of t h e  f ree  r u n  of  t h e  r a d i a t i o n  i n  t h e  cloud t u r n s  
ou t  t o  be of t h e  o r d e r  of 200-50 m. The l e n g t h  of t h e  f r e e  run  
of r a d i a t i o n  i n  a c l o u d l e s s  atmosphere,  estimated accord ing  t o  t h e  
c o n d i t i o n  - In  d : p v l l )  = -1, t u r n s  ou t  t o  be of t h e  o r d e r  o f  t h e  

t h i c k n e s s  of  t h e  homogeneous atmosphere.  

From these estimates it fo l lows  tha t  a r ea l  s t r a to fo rmous  
c loud  i s  a r a d i a t o r  comparable w i t h  t h e  t h i c k n e s s  of t h e  atmosphere 
as a whole. I n  a d d i t i o n ,  t h i s  r a d i a t o r  has a number of 
c h a r a c t e r i s t i c s :  i t  i s  s t r i c t l y  l o c a l i z e d  i n  space  and may be  
compared t o  a heat s i n k .  A s  a matter of f a c t ,  a n  even f i n e r  l o c a l 
i z a t i o n  occur s ,  s i n c e  only t h e  boundary l a y e r s  o f  t h e  cloud are 
r a d i a t i o n a l l y  active-a r a d i a n t  d ra inage  of heat o r i g i n a t e s  a t  
t h e  upper boundary o f  t he  cloud and a source  of heat a t  t h e  lower 
boundary [I.2 3.  

The i n t e r n a l  p a r t  of t h e  c loud  i s  p a s s i v e  i n  r e l a t i o n s h i p  
t o  t h e  t r a n s f e r  o f  t he rma l  r a d i a t i o n  and i n  t h i s  s ense  i s  i n  a 
regime of  thermodynamic e q u i l i b r i u m .  

F i n a l l y ,  a c loud  l a y e r  r e a c t s  d i f f e r e n t l y  w i t h  t h e  unde r ly ing
s u r f a c e  and w i t h  t h e  atmopshere ove r  i t  t h a n  does a c l o u d l e s s  l a y e r
of e q u a l  t h i c k n e s s  w i t h  boundar ies  a t  t h e  same a l t i t u d e .  I n  t h e  
f i r s t  ca se  t h e  "atmospheric  window" (8-12 microns)  i s  l a c k i n g ,
and t h e r e f o r e  t h e  r a d i a t i o n  of t h e  ear th ' s  s u r f a c e  i's compensated
b a s i c a l l y  by t h e  c o u n t e r r a d i a t i o n  of t h e  c loud ,  and t h e  atmosphere 
ove r  t h e  cloud t u r n s  o u t  t o  be i s o l a t e d  from the  thermal r a d i a t i o n  
of  t h e  ea r th .  

A s  a consequence of these c h a r a c t e r i s t i c s ,  i n  s t r a to fo rmous  
c loud  cover  t h e  v e r t i c a l  d i s t r i b u t i o n  of  t h e  r a d i a n t  i n f l u x  -R(z )
i s  c h a r a c t e r i z e d  by extreme h e t e r o g e n e i t y .  I n  F ig .  1 two 
examples of  t h e  v e r t i c a l  p r o f i l e  o f  t h e  i n f l u x  are demonstrated,  
c a l c u l a t e d  f o r  a n  atmosphere c o n t a i n i n g  a c loud  l a y e r  w i t h  a n  ab
s o l u t e  humidity e ual t o  0 .2  g/m3, a - g r a d i e n t  of t h e  a b s o l u t e  
humidi ty  of  4 g/m9 a t  t h e  boundar ies  w i t h  an average  a b s o r p t i o n  
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f a c t o r  o f  t h e  d r o p l e t  water of  1300 c m2/g. The n a t u r a l l y  d e f i n e d  
r e g i o n s  of t h e  c h a r a c t e r i s t i c  behav io r  o f  t he  i n f l u x  are c r o s s 
ha tched;  t he  v a l u e s  o f  t h e  i n t e g r a l  i n f l u x  t o  the l a y e r  are g iven:

3 R (2) dz 
*j-1 

f o r  eaeh r e g i o n  (upper  numbers) and t h o s e  of  t h e  same magnitude
f o r  s t a n d a r d  c l o u d l e s s  c o n d i t i o n s  ( lower  numbers).  

-R, cal/cm2*min 

F i g .  1. V e r t i c a l  p r o f i l e  of t h e  i n r l u x  i n  a s t r a to fo rmous  c loud .  
1- c loud  i n  a l a y e r  o f  1 - 2  k m ;  2- c loud  i n  a l a y e r  o f  
3-4 k m .  

The behav io r  o f  i n t e g r a l  i n f l u x e s  as a f u n c t i o n  of  t h e  a l t i - &t ude  of t h e  c loud  cor responds  t o  t h e  q u a n t i t a t i v e  r e l a t i o n s h i p s
d e s c r i b e d  i n  [1,2] and CI.21. Here w e  d i r e c t  a t t e n t i o n  only  t o  
t h e  fo l lowing  c i r cums tances :  c o o l i n g  of  t h e  same o r d e r  as t h e  
e n t i r e  atmosphere ove r  t h e  cloud cor responds  t o  a narrow l a y e r
w i t h i n  t h e  c loud a t  t h e  upper  boundary; t h i s  c o o l i n g  i s  n o t  com
pensa ted  b y  adequa te ly  grea t  h e a t i n g  a t  t h e  lower boundary. 



I n  a case  o f  a cloudy atmosphere,  t h e  weight  o f  t h e  i n d i v i d u a l  
l ayers  i n  t h e  g e n e r a l  r a d i a t i o n  i n f l u x  i n  n o t  p r o p o r t i o n a l  t o  t h e  
t h i c k n e s s  of t h e  l a y e r s .  We may i g n o r e  t h e  i n f l u x  t o  t h e  e n t i r e  
l a y e r  under  t he  c loud  and t o  t h e  g r e a t e r  p a r t  of t he  c loud  l a y e r , .
b u t  w e  cannot i g n o r e  t he  c o o l i n g  o f  t h e  narrow upper  part  of the  
c loud .  The l a t t e r ,  t o g e t h e r  w i t h  t h e  c o o l i n g  of t h e  atmosphere 

I above t h e  c loud ,  c o n s t i t u t e s  a lmost  a l l  t h e  r a d i a t i o n  c o o l i n g  o f  
t h e  atmosphere as a whole. 

I n  re fs .  [1,2] and LI.21 are p r e s e n t e d  t h e  r e s u l t s  of a n  i n 
v e s t i g a t i o n  of  t h e  p r o p e r t i e s  of a c loud  as a heat s i n k  by mehhods 
of numer ica l  experiment  and asymptot ic  a n a l y s i s .  The r a d i a t i o n  
regime of t h e  c loud  as a whole and t h a t  o f  i t s  boundary pa r t s  a r e  
cons idered  s e p a r a t e l y ,  and a l s o  t h e  l a y e r s  under t he  c loud  and 
ove r  t h e  cloud.  

Cooling and h e a t i n g - n e a r  Lhe- c lgud  boundar ies .  I n  [2] t h e  
fo l lowing  approximate expres s ions  of t h e  ex t reme i n f l u x e s  were 
ob ta ined ,  i . e . ,  maximum c o o l i n g  Rv under  t h e  upper  boundary of t h e  

c loud ,  and maximum h e a t i n g  Rn over  t he  lower boundary: 

Here ? , V J  
m 2,v’ and m: r e p r e s e n t  t h e  c o n s t a n t  of  water vapor i n  

t h e  l a y e r s  ( 0 ,  z n e g .  ) ,  ( 0 3  Z v a g ,  >,and ( 0 ,  H ) ;  H i s  t h e  upper  

boundary of t h e  atmosphere.  

Levels  of maximum h e a t i n g  and c o o l i n g  z ( i )  a r e  found a t  d i s 

t a n c e s  - zil from t h e  c loud  boundar i e s ,  and 

Here and below 
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I n  e x p r e s s i o n s  ( 1 ) - ( 3 )  t h e  dependences of  t h e  i n f l u x  upon
t h e  p r o p e r t i e s  o f  t h e  c loud  and upon t h e  atmosphere o u t s i d e  t h e  
c loud  a r e  d i f f e r e n t i a t e d ,  which i s  convenient  f o r  c a l c u l a t i o n s ,  
i n v e s t i g a t i o n s ,  and s o l u t i o n s  of t h e  r e v e r s e  problems. I n  t h i s  
c a s e ,  t h e  q u a n t i t i t e s  a and dpw/dz i which are d i f f i c u l t  t o  deter
mine e n t e r  i n t o  ( l ) - ( 3 )  i n  t h e  form of one parameter, e x p r e s s i n g  	 /19-t h e  e f f e c t i v e  a b s o r p t i o n  c a p a b i l i t y  o f  t h e  c loud .  

The r a t i o s  o b t a i n e d  make i t  p o s s i b l e  t o  e s t ab l i sh  t h e  fol low
i n g  f e a t u r e s  of t h e  behav io r  of extreme i n f l u x e s ,  depending b a s i 
c a l l y  upon t h e  a b s o r p t i o n  c a p a b i l i t y  of  t h e  d r o p l e t  water, t h e  
g r a d i e n t  of t h e  a b s o l u t e  humidi ty  a t  t h e  boundar i e s ,  t h e  tempera
t u r e  a t  t h e  upper boundary, and t h e  t empera tu re  d i f f e r e n c e  between 
t h e  l e v e l s  z = 0 and z = z , and a l s o  upon t h e  con ten t  o f  t h e  n.g.  
water vapor i n  t h e  atmosphere above and below t h e  c loud .  

With a n  i n c r e a s e  i n  t h e  e f f e c t i v e  a b s o r p t i o n  c a p a b i l i t y  o f  
t h e  boundary p a r t s  of  t h e  c loud ,  t h e  l a y e r s  o f  t h e  extreme i n f l u x  
narrow, a r e  ex tended ,  and a r e  pressed c l o s e  t o  t h e  c loud  boundar i e s .  

I f  i n  t h e  v i c i n i t y  of bo th  boundar ies  o f  t h e  low c loud  t h e  
a b s o r p t i o n  c a p a b i l i t y  i s  t h e  same, t h e n  c o o l i n g  a t  t h e  upper  bound
a r y  exceeds h e a t i n g  a t  t h e  lower boundary by a n  o r d e r  of  magnitude. 

I n  t h e  u p l i f t i n g  o f  t h e  c loud ,  c o o l i n g  and h e a t i n g  may i n c r e a s e  
or de c r e a s e  as a consequence of  t h e  o p p o s i t e  v a r i a t i o n s  of t h e  
tempe r a t u r e  and t h e  t r a n s m i s s i o n  f u n c t i o n .  It i s  n a t u r a l  t o  ex- /20 
p e c t  , n e v e r t h e l e s s ,  tha t  b o t h  p r o c e s s e s  w i l l  be  i n t e n s i f i e d  as a 
conse quence of  t h e  r a p i d  growth of  t h e  q u a n t i t y B ( m t  - m2,v  )I a t  
s m a l l  masses of t h e  wa te r  vapor  i n  t h e  l a y e r  above t h e  c loud  and 
a slow d e c r e a s e  o f  6(m 

1 , v  
) a t  l a r g e  masses i n  t h e  l a y e r  under  t h e  

c loud .  For t h e s e  r e a s o n s ,  i n  u p l i f t i n g  of  t h e  c loud  c o o l i n g  w i l l  
be p re se rved  a t  a h ighe r  r a t e  t h a n  h e a t i n g .  

The e r r o r  of formulas  ( 1 ) - ( 2 )  does  no t  exceed 25% when 

Formula ( 3 )  makes i t  p o s s i b l e  to c a l c u l a t e  t h e  half-width of  t h e  
l a y e r  of  t h e  extreme i n f l u x  w i t h  an  accuracy  t o  50 m.  

R e l a t i o n s  ( l ) - ( 3 )  make i t  p o s s i b l e  t o  e s t i m a t e ,  i n  approximation
t h e  i n t e g r a l  i n f l u x e s  Mv and Mn i n  t h e  boundary l a y e r s  o f  t h e  
cloud : 
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F ig .  2 .  I n f l u x e s  to t h e  layers  under  t h e  c loud  ( R ' l ) ) ,  i n  t h e  

c loud  ( R ' O ) ) ,  and ove r  t h e  c loud  ( R ( 2 ) ) ,  and a l s o  t o  
t h e  e n t i r e  l aye r  o f  t he  atmosphere ( R * )  as a f u n c t i o n  
of t h e  l e v e l  of  t h e  arrangement of t h e  c loud  l aye r ;  
RE i s  t h e  i n f l u x  t o  t h e  e n t i r e  column of  a c l o u d l e s s  
atmosphere.  

The q u a n t i t i e s  Mv and Mn do not  depend upon t h e  p r o p e r t i e s  of  t h e  
c loud ,  which i s  e a s i l y  exp la ined .  Both peaks of t h e  extreme i n 
f l u x  o r i g i n a t e  as a consequence of  t h e  r a p i d  change i n  t h e  f l u x e s  
of  t h e  r a d i a t i o n  e n t e r i n g  t h e  c loud ,  caused by t h e  great  absorp
t i o n  c a p a b i l i t y  of  t h e  d r o p l e t  water CI.81. The r a t e  of  v a r i a t i o n  
of  these f l u x e s  (Rv and R n )  and t h e  wid th  of  the  l a y e r  i n  which 
t h e y  are formed ( I zi - z ( i )  I ) are de termined  by t h e  p r o p e r t i e s  of 
t he  boundary layers  o f  t h e  cloud-the parameters dpw/dzi and a. 
However, a t  any v a l u e s  o f  these parameters, t h e  e n t e r i n g  f l u x e s  
vary  from t h e  magnitude determined by c o n d i t i o n s  o u t s i d e  t h e  c loud  
( t h e  f l u x  a r r i v i n g  a t  t h e  c l o u d ) ,  up to black-body r a d i a t i o n  ( t h e
f l u x  i n s i d e  t h e  c l o u d ) .  The i n f l u x e s  to t h e  boundary l a y e r s ,  i.e., 
t h e  q u a n t i t i e s  Mv o r  Mn are determined b y  these l i m i t i n g  v a l u e s ,  
n o t  dependent upon t h e  p r o p e r t i e s  of  t h e  c loud .  
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I n f l u x  t-o t h i c k  l a y e r s .  The s e p a r a t i o n  of  the atmosphere
i n t o  l a y e r s - i n  accordance w i t h  the  f e a t u r e s  of t h e  p r o f i l e  of t h e  
i n f l u x  may t u r n  o u t  t o  be  inconvenient  or t o o  de t a i l ed  f o r  prob
l e m s  o f  l a r g e - s c a l e  dynamics. S ince  over  t he  c loud  t h e  i n f l u x  
v a r i e s  only weak ly ,  and under  t h e  cloud i t  i s  s m a l l ,  and the cloud 
f r e q u e n t l y  i s  compressed t o  a s u r f a c e  i n  c a l c u l a t i o n s ,  a d i v i s i o n  
i n t o  l a y e r s  under t h e  cl’oud, i n  t h e  c loud ,  and ove r  the c loud  ap
p e a r s  n a t u r a l .  

I n  P ig .  2 the  i n f l u x e s  t o  t h e  e n t i r e  column of t h e  layers
under t h e  c loud ,  i n  t h e  c loud ,  and ove r  t he  cloud are p r e s e n t e d  
as a f u n c t i o n  of t he  l e v e l  of t he  cloud l a y e r  w i t h  a t h i c k n e s s  of 
1 km, and a l s o  t h e i r  sum 

R’ = Ii“’ + fiW’ +p .  

For a comparison, the  i n f l u x  RE t o  t he  e n t i r e  t h i c k n e s s  of  
t h e  atmosphere i n  c o n d i t i o n s  of a c l e a r  sky i s  g iven ,  a t  the  same 
d i s t r i b u t i o n  of the  t empera tu re  and humidi ty .  

It i s  appa ren t  t ha t  as t h e  cloud r ises  i n f l u x e s  t o  t he  l a y e r s  /21
i n  t h e  cloud and above t h e  c loud ,  and a l s o  t o  t h e  e n t i r e  column 
of t h e  atmosphere,  dec rease  w i t h  r e s p e c t  t o  a b s o l u t e  magnitude. 

The i n f l u x  t o  t h e  l a y e r  under  the  c loud  i s  n e g l i g i b l e  f o r  
c louds  of t h e  lower and medium l e v e l s .  I n  c louds  of  the  lower and 
medium l e v e l s  a cloudy atmosphere as a whole i s  e s s e n t i a l l y  c o l d e r  
t h a n  a c l o u d l e s s  atmosphere.  

The i n f l u x  t o  a c loud  l a y e r  i s  c l o s e ,  w i t h  r e s p e c t  t o  magni
t u d e ,  t o  t h e  i n f l u x  t o  t h e  l a y e r  over  a cloud a t  any t h i c k n e s s  of 
t h e  l a t t e r .  The  sum ( R  (O) + R ( 2 ) )  b a s i c a l l y  de te rmines  t h e  cool
i n g  of t h e  atmosphere as a whole. 

Thus, approximate ly  half of  t he  t o t a l  r a d i a t i o n  c o o l i n g  of  
t he  atmosphere f a l l s  t o  the  cloud l a y e r  which i s  a h igh-capac i ty  heat 
s i n k .  T h i s  s i n k  i s  formed due t o  t h e  l a y e r  of  extreme c o o l i n g  
a t  t h e  upper boundary of t h e  c loud  and i s  n o t i c e a b l y  c o r r e c t e d  ( o )
due t o  t h e  h e a t i n g  l aye r  a t  t h e  lower boundary. The q u a n t i t y  R 
may be c a l c u l a t e d ,  i n  approximation,  acco rd ing  t o  t he  formula 

The expres s ion  of t h e  i n f l u x  t o  t h e  e n t i r e  column of t h e  atmosphere 
over  t he  cloud o b t a i n e d  i n  t h i s  approximation has the form 
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and f o r  t h e  l a y e r  under  t h e  c loud  w e  o b t a i n  

The e r r o r  of formula ( 6 )  i n  a c a s e  of  dense  c louds  w i t h  a g r a d i e n t
o f  the  a b s o l u t e  humidi ty  a t  t h e  boundar i e s  o f  t he  o r d e r  o f  1-10 g 
p e r  m3/km does n o t  exceed 15%, and t h a t  o f  formula  ( 7 ) ,  50% [ 3 ] +  

Mul t i - l aye r  c loud  cover .  I n  c o n d i t i o n s  o f  m u l t i - l a y e r  c loud  
cover  t h e  upper  c loud  e s s e n t i a l l y  suppres ses  the  r a d i a t i o n  e f f e c t  
o f  t h e  c loud  l a y e r s  l o c a t e d  below; n e v e r t h e l e s s ,  t h i s  e f f e c t  re
mains c o n s i d e r a b l e  cI.21. The mutual  r a d i a t i o n  e f f e c t  o f  t h e  
c loud  l a y e r s  i s  b a s i c a l l y  de te rmined  by t h e  d i s t a n c e  between them 
and n o t  by t h e i r  p h y s i c a l  p r o p e r t i e s .  I n  [31 i n f l u x e s  t o  l a y e r s
d e f i n e d  i n  a c a s e  o f  one- layer ,  two-layer ,  and t h r e e - l a y e r  c loud  
cover  a r e  compared. The n e c e s s t t y  o f  c o n s i d e r i n g  t h e  number and 
arrangement of  t h e  l a y e r s  i n  t h e  d e t e r m i n a t i o n  of  g e n e r a l  c o o l i n g
and i t s  d i s t r i b u t i o n  i n s i d e  t h e  atmosphere i s  observed .  Each 
c loud  l a y e r e v e n  a n  i n t e r n a l  layer - i s  cons ide rab ly  g r e a t e r
than  t h e  space  between t h e  c louds .  Cool ing o f  t h e  e x t e r n a l  
c loud  l a y e r  i s  e s p e c i a l l y  g r e a t .  

If w e  c a l c u l a t e  t h e  f r a c t i o n  o f  c o o l i n g  f a l l i n g  t o  t he  share 
o f  t h e  cloud l a y e r ,  i n t e r - c l o u d  l a y e r ,  and t h e  l a y e r  above t h e  
c loud ,  i t  i s  a s c e r t a i n e d  t h a t  t h e  r o l e  o f  c o o l i n g  c o n c e n t r a t e d  i n  
t h e  c louds  r a p i d l y  i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  t he  number o f  
l a y e r s  and, a c c o r d i n g l y ,  t h e  c o n t r i b u t i o n  of t h e  o t h e r  l a y e r s  de-122 
c r e a s e s .  Such data a r e  g iven  i n  t h e  t a b l e  f o r  a c a s e  of  c louds  -
l o c a t e d  i n  l a y e r s  (1-2 k m ) ,  (5-6 k m ) ,  and (7-8 k m ) .  

Z-rlayerNature  of l a y e r s  , A-layerl 
(l-!?km). (5--tilpn )(1-2 lcm)-

L a y e r  under  and 
between c louds  

-

4 

a(I 
16 

3 
(2I n  t h e  c louds  57 
 35 

‘If we assume i n  ( 7 )  t h a t  H :: 5 km ( t h e  upper  boundary o f  t h e  atmo
sphere  f o r  water vapor )  t h e  e r r o r  of  t h i s  formula s h a r p l y  d e c r e a s e s ,  
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Approximate e x p r e s s i o n s  o f  t h e  i n t e g r a l  i n f l u x e s  i n  a c a s e  of  
a k - l aye r  c loud  cover  take t h e  form 

RI,
(1) =o ,  k = 0 , 1  t . . . ,  n- 1, 

where Rk i s  t h e  i n f l u x  t o  t h e  k-th i n t e r - c l o u d  l a y e r ,  k = 0 i s  
t h e  l a y e r  under  the  c loud :  

Here z ( k )  and z ( k )  r e p r e s e n t  t h e  lower and upper  boundar ies  o f  n.g.  v.g.
the  k-th c loud  l a y e r ;  m ( k )  ( k )  are t h e  cor responding  masses o f

1,v ' m2,v 
t h e  water vapor;  E(zln + l )  ) = 0 .  Express ion  R (2) remains as b e f o r e .  

A-c loud  a s  - a - b l a c k  r a d i a t o r .  I n  t h e  c a l c u l a t i o n  o f  t h e  radi
a t i o n  e f f e c t  o f  c l o u d s  i t  i s  u s u a l l y  assumed t h a t  t h e y  t r a n s m i t  
f l u x e s  of black-body r a d i a t i o n ?  a T 4 ( zn.g.  ) t o  t h e  space  o u t s i d e  

v .g .  
t h e  c loud .  Such a n  assumption d e p r i v e s  u s  of  t h e  o p p o r t u n i t y  o f  
c o n s i d e r i n g  o p t i c a l l y  t h i n  c louds  and t r a c i n g  t h e  conve r s ions  o f  
r a d i a n t  f l u x e s  i n s i d e  t h e  c loud .  

I n  [l-31, CI .21 ,  and i n  t h i s  a r t i c l e  t h e  r e s u l t s  of  a n  Inves
t i g a t i o n  f ree  from p r i o r  assumptions concern ing  t h e  n a t u r e  o f  t he  
r a d i a t i o n  o f  c loud  boundar i e s  are  cons ide red .  The re fo re ,  i t  t u r n e d  
o u t  t o  be  p o s s i b l e  t o  de te rmine  t h e  r a d i a t i o n  e f f e c t  o f  weak c loud  
cover  CI.21 and [2] t o  i n v e s t i g a t e  powerfu l  boundary e f f e c t s ,  and 
a l s o  t o  estimate t h e  e r r o r  of  t he  "black" approximat ion  [2 ,3] .
The l a t t e r  t u r n e d  o u t  t o  be of  t h e  o r d e r  of  50% a t  a s m a l l  magni
t u d e  o f  I z  - z n.g.  I ,  where z > zv .g .  o r z < zn .g .  . With a growth 

v .g .
of  lz - z n.g. I t h e  e r r o r  of  the  "black" approximat ion  r a p i d l y  de

v.g. 
c r e a s e s .  It i s  estimated i n  [3] as a measure o f  t h e  dependence of  
t h e  q u a n t i t i e s  R ( l ) ,  R ' O ) ,  R ( 2 ) ,  and R* upon t h e  pa rame te r s  o f  the  
c loud  cover  a, dpw/dzi a t  pWlmax. It i s  unders tood  t h a t  t h e  weak 

. .- - - - . .- .~ 

'Ca lcu la t ion  o f  f l u x e s  w i t h  t h i s  assumption i s  f u r t h e r  c a l l e d  t h e  
approximation.  
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dependence upon these parameters s i g n i f i e s  a good accuracy  of the  
l lblacklt  approximation.  It was a s c e r t a i n e d  t ha t  i n  a v a r i a t i o n  of 1 2 3-dpw/dzi w i t h i n  l i m i t s  of  (0 .2-4)  g/m? km,  cor responding  t o  r ea l  
l i m i t s  of v a r i a t i o n s  of  t h e  g r a d i e n t  of t h e  a b s o l u t e  humidi ty ,  
t h e  i n f l u x e s  R ( 2 )  and R* vary  by 5%; t h e  i n f l u x  R ( O )  by 20%; ,and 

f i n a l l y  t h e  i n f l u x  R ( l )  v a r i e s  by s e v e r a l  o r d e r s  of magnitude. 
The v a r i a t i o n  of the  parameter 01 w i t h i n  l i m i t s  of (500-3000 cm2/g)
[I.1] i s  f e l t  even l e s s  i n  t he  i n t e g r a l  i n f l u x e s .  

These estimates re fer  t o  v a l u e s  of pw 1. 0.03 g / m 3  a t  z 
v.g.  

- z  n.g. 2 0.5 k m ,  which makes i t  p o s s i b l e  t o  c o n s i d e r  c louds  w i t h  
a water r e s e r v e  mw 2 0.0015 g/cm t o  be  o p t i c a l l y  dense,  p e r m i t t i n g  

the use of t h e  "b lack"  approximation w i t h  t h e  accuracy  i n d i c a t e d .  

The "black" approximation may t h u s  be cons ide red  t o  b e  prac
t i c a l l y  a c c u r a t e  i n  t h e  c a l c u l a t i o n  o f  a n  i n f l u x  t o  t h e  e n t i r e  
column of t h e  atmosphere o r  t o  i t s  p a r t  ove r  the  c loud .  The i n 
f l u x  t o  t he  c loud  column i s  a l s o  determined w i t h  a n  accuracy  sat
i s f y i n g  t h e  requi rements  of t h e  m a j o r i t y  of  p r a c t i c a l  problems.
F i n a l l y ,  t h e  i n f l u x  t o  t h e  layer  under t h e  c loud  as a whole can 
n o t  be c a l c u l a t e d  i n  t h e  "black" approximation,  which i s  n o t  s o  
very  e s s e n t i a l  i n  t h e  m a j o r i t y  of  c a s e s ,  s i n c e  t h i s  i n f l u x  i s  
s m a l l .  
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SOME APPROXIMATE METHODS OF CALCULATING 

RADIANT HEAT TRANSFER IN A CLOUDLESS ATMOSPHERE 


A. S. Ginzburg and Ye. M. Feygel'son 


- In this work simplified methods of calculating one-sided and 
effective fluxes of radiation are discussed, and also methods of 
calculating influxes of heat, intended for problems of dynamic
meteorology not requiring a high degree of accuracy. 

One-sided ascending F+ and descending FJ. heat fluxes in the 
spectral range A x  have the form 

where EAA(0) is the radiation of the underlying surface; EAA(H) is /24 
the downflow at the upper boundary H of the atmosphere; D(zl, z,) 
is the transmission function of the layer (zl, z2). The effective 
flux is calculated as the difference of one-sided fluxes F = F+ 
- F+, and the influx of heat as the derivative with respect to 
altitude of the effective flux R = dF/dz. The calculation of 
fluxes in narrow spectral intervals of the order of 25 cm-I and 
then summation throughout the spectrum is the most accurate method 
of calculating the field of the natural radiation of the atmosphere.
However, such "spectral" calculations are too complex and can sup
ply only reference data. The use of the integral transmission 
function (application of radiation nomograms)-the so-called 
"integral" calculations, serves as a natural and generally known 
method of simplifying the calculations. Expressions for fluxes 
and the influx in this case have the same form as for the corre
sponding spectral quantities if we assume that A x  = (0, a) in 
(1) and (2). 

We will write an expression for the influx of heat: 


H 


2 6  




In the materials of the Global Atmospheric Processes Research 
Program (GARP) [l] it is indicated that up to this time the neces
sary accuracy of the calculation of radiant heat transfer in prob
lems of dynamics has not been determined. Therefore the assump
tion is expressed that it is advisable to construct a number of 
approximate methods with their successive complications. In 111 
these methods are giv.en in the following order: 1) the use o f ,  
climatic data; 2 )  the consideration of only the radiation de-part
ing beyond the limits of the atmosphere, i.e., cooling into space;
3 )  the consideration of cooling to space with an empirical con
sideration of local heat transfer; 4 )  "integral" calculations;
5) spectral methods. 


In ref. 123 the second and third of the methods listed are 

considered and an approximate method is proposed, considering

cooling into space and heat transfer with the underlying surface. 

Heat fluxes in this case are equal to 


F 7 1 (z) E (0)D (0 ,  3 )  - t - E (z)11-D (0, z)], ( 4 )  
F;,( z ) = E ( I I ) D ( z ,H ) + E ( z ) [ l - D ( z , H ) ] .  ( 5 )  

Expressions (4) and ( 5 )  a l s o  may be obtained under the as
sumption of a &-shaped nature of the first derivative of the in
tegral transmission function from expressions (1) and (2). The heat 
influx in this approximation has the form 

In the assumption of a 6-shaped nature of the second deriva- 1 2 5  
tive of the transmission function, in [2] the following expression-
for the radiation heat influx is derived directly from relation (3): 

The approximate methods proposed in [2] are not sensitive to 
the value and local variations of the humidity and temperature far 
from the level under consideration. This circumstance is not an 
obstacle for the use of these approximations, since for problems
of dynamics only large-scale features of the distributions of 
temperature and humidity are essential. The accuracy of calcula
tions according to formulas (4)-(7) are estimated in 11.53. Here 
we only note that the approximate methods considered may be ex
tended to a case of cloud conditions. The approximation R2 makes 



i t  p o s s i b l e  t o  d e s c r i b e  t h e  cont inuous  p r o f i l e  of  t h e  i n f l u x  i n 
s ide  the  c loud  l a y e r  and o u t s i d e  i t .  For t h i s ,  i n  t h e  i n t e g r a l
t r a n s m i s s i o n  f u n c t i o n  D i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  absorp
t i o n  of d r o p l e t  water. I n  the  approximat ion  R1 i t  i s  convenient  
t o  d e s c r i b e  t h e  heat i n f l u x  t o  t h e  l a y e r s  under  t h e  c loud ,  i n  t h e  
c loud  and above t h e  c loud .  I n  t h i s  case  w e  shou ld  c o n s i d e r  that  
t h e  cloud radiates as a b l a c k  body and s e r v e s  as t h e  unde r ly ing
s u r f a c e  f o r  t h e  l a y e r  above t h e  c loud  and as t h e  upper  boundary
of t h e  atmosphere f o r  t h e  l a y e r  under  t h e  c loud .  
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COMPARISON OF VARIOUS METHODS OF 

CALCULATING THE FIELD OF LONG-WAVE RADIATION 


A. S. Ginzburg and Kh. Yu. Niylisk 


In many problems of the dynamics of the atmosphere, a neces

sity arises for the calculation ofradiant fluxes and influxes of 

heat, and the requirements for accuracy vary. In this work, re

sults of successively more simplified calculations of fluxes and 

radiant flux of heat are compared, considered, for example in [l]

and CI.41. The results of calculations by different methods are 

given for three models of the atmosphere, differing in vertical 

profiles of temperature and humidity at altitudes 0 S z 10 km /26 

Model A (the ARDC-59 standard atmosphere): t 


T(0) = 288.2O~; y =  6.5 degrees/km; 
U(0) = 58%; m* = 1.38 g/cm2.V 

Model B (moist summer in mid latitudes): 


T(0) = 293.2O K; . y =  6.5 degrees/km; 
u ( 0 )  = 100%; m* = 3.25 g/cm2

V 

Model C (dry winter in mid latitudes): 


T(0) = 258.2O K; y =  4 degrees/km;
u(0) = 20%; m* = 0.06 g/cm2V 

More complete data concerning these models of the atmosphere may

be found in c21. 


All the calculations, aside from the case stipulated below, 

are performed according to the following scheme. The effective 

absorbing mass of the water vapor in the column of air (zl, z2) 


is calculated according to the formula 


21 

or, which is the same thing, according to the formula, 


'Here y is the temperature gradient in the troposphere, m$ is the 
effective mass of water vapor in the entire column of the atmosphere. 
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(here q i s  t h e  s p e c i f i c  h u m i d i t y ) .  I n  an  analogous formula f o r  
t h e  e f f e c t i v e  m a s s  mu (zl, z 2 ) of  carbon d iox ide  gas  t h e  volumet
r i c  c o n c e n t r a t i o n  o f  CO 2 i s  assumed t o  be c o n s t a n t  and e q u a l  t o  
0.03%. According t o  t h e  masses o f  t h e  abso rb ing  subs t ances  t he  
s p e c t r a l  or i n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  i s  de te rmined ,  and 
t h e n  a t  t h e  g iven  t empera tu re  d i s t r i b u t i o n  the  ascending  f l u x  
F+(z) and descending  f l u x  F.G(z) i s  c a l c u l a t e d ,  i n  c a l o r i e s  p e r  cm 
p e r  minute a t  z = 0 ,  1, 2, 4, 6, and 1 0  km.  I f  w e  know t h e  one-
s ided  f l u x e s ,  w e  may de termine  t h e  e f f e c t i v e  r a d i a t i o n  f l u x  F(z) = 
= F+(z) - F+(z) and t h e  heat i n f l u x  t o  t he  l a y e r  (z z e q u a l  t o  
F(zl) - F(z2). The ave rage  heat i n f l u x  t o  t h e  elem&;ta?y volume 
i n  t he  l a y e r  (zl, z2> i s  e q u a l  t o  

= F,(Zl )  - F ( 3 3 )  . io+ -+- F (21) -F (22) .= 10 
2.) -:1 cm m m  z2 -ZI m3.min (1) 

I n  t h e  comparison of v a r i o u s  methods, r e s u l t s  of  s p e c t r a l  
c a l c u l a t i o n s  performed a t  t h e  IFA AN ESSR [2,3] s e r v e  as t h e  ref- /27
e rence  data. The  e r r o r s  o f  a l l  o t h e r  c a l c u l a t i o n s  a r e  g iven  r e l 
a t i v e  t o  these  q u a n t i t i e s .  The c a l c u l a t i o n s  of t h e  s p e c t r a l  i n 
t e n s i t i e s  of t h e  descending  and a scend ing  thermal r a d i a t i o n  are 
performed by means o f  t r a n s m i s s i o n  f u n c t i o n s  f o r  narrow s p e c t r a l  
r anges  w i t h  a wid th  of t h e  o r d e r  of 25 cm-l w i t h i n  l i m i t s  of  225
2000 cm-l (5-44 microns) .  Then t h e  q u a n t i t i e s  o b t a i n e d  are i n t e 
g r a t e d  w i t h  r e s p e c t  t o  d i r e c t i o n s  and summed ove r  t h e  
spectrum. A t  the  r e a l  t empera tu re  o f  t h e  atmosphere o u t s i d e  t h e  
i n t e r v a l  o f  225-2000 cm-l about  6 %  of  t h e  r a d i a t i o n  of  a "black1' 
body i s  l o c a t e d ,  and t h e r e f o r e  t o  o b t a i n  i n t e g r a l  f l u x e s  a cor
r e c t i o n  f a c t o r  1 . 0 6  i s  used.  Table 1, where the  f r a c t i o n  o f  
r a d i a t i o n  of a ' lblackl '  body AE, l o c a t e d  o u t s i d e  t h e  i n t e r v a l  o f  
225-2000 cm-1 a t  v a r i o u s  t e m p e r a t u r e s  i s  i n d i c a t e d ,  shows how 
a c c u r a t e  t h i s  f a c t o r  i s .  The v a l u e s  of  t h e  f l u x e s  and i n f l u x e s  
o b t a i n e d  i n  such a manner are d e s i g n a t e d  below by t h e  s u b s c q i p t  
'I sp  . 

TABLE 1 
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Then the calculation of one-sided heat fluxes is considered, 

performed directly by means of the integral transmission function 

from [4] for the interval 2975-25 cm-l, and also the effective 

radiation and the heat influx determined by these fluxes. The 

quantities obtained are designated by the subscript "int". We 
should note that the initial data for the construction of the I 

transmission function in [4] coincide with the initial data for 
spectral calculations in [2,3] in the region of 833-225 cm-l,,and 

differ somewhat in the region 2000-833 cm-l. The effect of these 

divergences on the magnitude of the transmission function is shown 

in Table 2, where the t ansmission functions of water vapor in 

the region 2000-225 cm-' are compared. 


D. 0.905 0.772 0.599 0.394 0.125
SP 
iilt 0.913 0.784 0,614 0.403 0.136 

D
SP 

is constructed according to data used in [2,3], Dint corre

sponds .toref. [4]. Tentative estimates demonstrate that the 
divergences in the transmission functions indicated lead to dif
ferences in the magnitudes of the fluxes of ascending and descend
ing radiation of the order of O.5-l%. In "spectral" calculations /28
the radiation and absorption of heat by th,eatmospheric ozone is 
taken into consideration, which is not considered in the construc
tion of the integral transmission function in [SI. 

The effect of absorption by ozone on the magnitude of the 
transmission function is estimated in Table 3, where the integral
transmission function is given at various contents of ozone in the 
atmosphere (in cm). The content of C02 everywhere is 120 cm. 

TABLE 3 

.._- .- --. - - . ___--
0 0.471 0.424 0.306 0.246 0.177 0.092 
0 .I 0.442 0.399 0.2Y4 0.224 0.153 0.082 
0 .4  0.422 0.379 0.267 0.208 0.147 0.074 



The e r r o r  o f  the c a l c u l a t i o n  o f  t h e  f l u x e s  of  descending
the rma l  r a d i a t i o n  wi thou t  c o n s i d e r a t i o n  of  ozone does n o t  exceed 
3-4% i n  t h e  t r o p o s p h e r e ,  on the  ave rage .  The e r r o r  i n  t h e  v a h e s  
o f  t he  a scend ing  f l u x e s  i s  n e g l i g i b l e .  The comments made demon
s t r a t e  that  t he  " s p e c t r a l "  and l l i n t e g r a l "  c a l c u l a t i o n s  were per 
formed i n  s e v e r a l  d i f f e r e n t  c o n d i t i o n s  and a comparison o f  them 
i s  n o t  e n t i r e l y  c o r r e c t .  However, t h e  estimates g iven  t e s t i f y  t o  
the small e f f e c t  o f  i naccuracy  o f  t he  i n i t i a l  data on t h e  r e s u l t s  
o f  t he  c a l c u l a t i o n s .  I n  t he  f u t u r e  t h i s  w i l l  make i t  p o s s i b l e  t o  
compare t he  r e s u l t s  o f  the s i m p l i f i e d  " i n t e g r a l "  c a l c u l a t i o n s  
d i r e c t l y  w i t h  t he  " s p e c t r a l "  magnitudes.  

In [I.1] a n  approximat ion  of t h e  i n t e g r a l  t r a n s m i s s i o n  func
t i o n  was c o n s t r u c t e d  f o r  t h e  i n t e r v a l  25-2800 cm-l. The  i n i t i a l  
data there  are t h e  same as i n  [4] .  One-sided f l u x e s  a c c o r d i n g  t o  
approximate formulas  ( 4 )  and ( 5 )  from CI .41  are  c a l c u l a t e d  by 
means of  t h i s  approximat ion .  The cor responding  v a l u e s  o f  t h e  
f l u x e s  and i n f l u x e s  are d e s i g n a t e d  by t h e  s u b s c r i p t  "1". We n o t e  
tha t  t h e  e r r o r  of  approximat ion  does n o t  exceed 4-6%, and t h e  
e r r o r  of t he  f l u x e s  F+,+ 

caused b y  t h i s  does n o t  exceed 1 - 2 % .  

I n  Table 4 t h e  v a l u e s  of  f l u x e s  of  descending  and ascending
r a d i a t i o n  are g iven  ( i n  cal/cm2/min), c a l c u l a t e d  by t h e  th ree  
methods d e s c r i b e d  above f o r  t h r e e  models of  t h e  atmosphere.  

The  t ab le  demons t r a t e s  t h e  s u r p r i s i n g l y  good agreement be
tween t h e  q u a n t i t i e s  Ff,+int and F+ , + s p '  Apparent ly ,  such a co in
c idence  i s  e x p l a i n e d  by  t h e  compensation of  t h e  e r r o r  a s s o c i a t e d  
w i t h  t he  use  of t he  approximate method of c a l c u l a t i n g  t h e  f l u x e s  
and t h e  e r r o r  of t h e  i n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  (see T a b l e s  1 
and 3 ) .  The f l u x  of descending  r a d i a t i o n  c a l c u l a t e d  i n  t h e  ap
proximat ion  rtlllt u r n s  ou t  t o  be s y s t e m a t i c a l l y  g r e a t e r ,  and t h e  
ascending  r a d i a t i o n  s y s t e m a t i c a l l y  l e s s  t h a n  t h e  cor responding
f l u x e s  i n  more a c c u r a t e  c a l c u l a t i o n s .  T h i s  q u a n t i t a t i v e  r e l a t i o n - / 2 9-
s h i p  fo l lows  a l s o  from a comparison of formulas  (1)w i t h  ( 4 )  and 
( 2 )  w i t h  ( 5 )  i n  [ 1 . 4 ] .  The  e r r o r s  of  c a l c u l a t i o n  o f  F+l and 
e s p e c i a l l y  of F+l i n c r e a s e  w i t h  a growth of  t h e  o p t i c a l  d e n s i t y  
o f  t h e  atmosphere,  and i n  t h i s  case  t h e  r e l a t i v e  e r r o r  of  F+l i s  
approximate ly  c o n s t a n t  w i t h  r e s p e c t  t o  a l t i t u d e  and on t h e  average
i s  e q u a l  t o  5%. T h e  e r r o r  of c a l c u l a t i o n  o f  F f l  i n  t he  lower 
layers i s  c l o s e  t o  z e r o ,  and i n  t h e  upper  l a y e r s  o f  t h e  t roposphe re
r e a c h e s  20-30; on t h e  average  t h i s  e r r o r  i s  e q u a l  t o  5-6%. 

I n  t h e  c a l c u l a t i o n  of t h e  f l u x  o f  e f f e c t i v e  r a d i a t i o n  t h e  
r e l a t i v e  e r r o r  n a t u r a l l y  i n c r e a s e s  and amounts t o  5% on t h e  average  
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TABLE 4 


Model A 
0 0.407 0.409 0 A33 0.558 0.560 0.5Gi 
1 0.346 0.347 0 3 5  0.536 0.529 0.529 
2 0.291 0 2 9 1  0 .>08 0.507 0 .498 0.493 
4 0.207 0.204 0 215 0 ./iG?, 0,443 0.429 
I\ 0 .I38 0,135 0.134 0.424 0.402 0.376 

io 0.044 0.040 0.043 0 3 7 9  0.354 0.292 

Yode 1 
0 o .m 0.483 0.511 ( 1  ,r;cu 0 . (NO 
1 0.405 0 Ai2 0.438 0.5tiD 0.568 
2 0.341 0.344 0.364 0528  0 5 2 1  
4 0.247 0.246 0.261 0.463 0.445 
6 0,172 0 .I68 0.177 0 A15 0,379 

10 0.072 0.068 0.074 

Model .. 
’ 0 0,194 0 .i91 0.192 0.356 0.361 0.361 

1 0.170 0 .I66 0,165 0.349 0.352 0.352 
2 0 .I47 0 .I43 0,242 0.340 0.342 0.341 
4 0 .IO8 0 .io5 U .I07 0.325 0.324 0.320 
6 0.07G 0 .073 0.079 0.312 0.309 0.300 

i o  0.038 0.031 0.027 
I 

0.294 0,292 0.267 

for Fint, and for F1, 15%w i t h  r e l a t i o n s h i p  to F
SP 

and 1 2 %  w i t h  

r e l a t i o n s h i p  t o  Fint. I n  t h e  c a l c u l a t i o n  of  t h e  i n f l u x  the  error 
i n c r e a s e s  more and more and amounts to 14% on t h e  average  f o r  Ri n t  ’ 
and for R1 about  25-30%. (All t h e  magnitudes of  t h e  r a d i a t i o n  
i n f l u x  were c a l c u l a t e d  acco rd ing  to formula (1)). Rint and R1 de
c r e a s e  t h e  a b s o l u t e  magnitude of t h e  i n f l u x ,  and IR,I i n  t h e  upper  
l a y e r s  of  Models A and B i s  s e v e r a l  o r d e r s  of  magnitude l e s s  t h a n  
l R s p l  and I R i n t l ,  which i s  a consequence of  t h e  l a r g e  e r r o r  o f  

F+la t  t h e  cor responding  l e v e l s  ( s e e  T a b l e  5 where t h e  f l u x e s  o f  
e f f e c t i v e  r a d i a t i o n  a r e  g iven  i n  cal/cm2 min and t h e  average  i n 
f l u x e s  of  heat i n  cal/m3 min. 

I n  t h e  p r e v i o u s  a r t i c l e  t h e  approximate method o f  c a l c u l a t i n g  /3c-
R 2 ,  t h e  i n f l u x  of  heat t o  the e lementary  volume a t  a g iven  l e v e l ,  
was cons ide red  ( s e e  expres s ion  ( 7 )  i n  C I . 4 1 ) .  For  a comparison 
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of t h i s  method w i t h  t he  one d e s c r i b e d  above, t h e  i n f l u x  R2 i s  c a l 
c u l a t e d  a t  a l t i t u d e s  of  0.5,  1 . 5 ,  3,  5,  and 8 k m ,  i . e . ,  i n  t h e  
c e n t e r s  of t he  l a y e r s  under  c o n s i d e r a t i o n .  I n  t h e  c a l c u l a t i o n  of  
R2 t h e  d e r i v a t i v e  t r a n s m i s s i o n  f u n c t i o n  w i t h  r e s p e c t  t o  a l t i t u d e  
p a r t i c i p a t e s ,  which i s  c a l c u l a t e d  i n  t h e  g iven  case  acco rd ing  t o  
t h e  formula 

and i n  t h i s  c a s e  t h e  t r a n s m i s s i o n  f u n c t i o n  i s  s e l e c t e d  from cI.11. 

TABLE 5 

Model -4 
0 0,150 0,152 0,138 0-1 0.040 0,030 0,026 
i 0,190 0.152 0,164 1-2 0.027 0,025 0.21 
2 0,217 0.207 0,185 2-4 0.19 0 ,15 0.14 
4 0,255 0,238 0.214 4-ti 0.1G 0.14 0.12 
6 0,286 0,207 0,237 6-10 0.12 0.12 0.03 

10 0.334 0,314 0,249 

Mod 1 u  
0 0,114 0,118 0.OB9 0-1 0.49 0.39 0.41 
1 0,1ti3 0,157 0,130 1-2 0,33 0.28 0.,27 
2 0,196 0,184 0,157 2-4 0,21 0,17 0,14 
4 0,236 0.217 0,184 4-6 0,15 0,14 0,09 
6 0,268 0,246 0,202 6-10 0.14 0.11 0,oo 

10 0,312 0,288 0,203 

Model C 
0 0,161 0.170 0.169 0-1 0.18 0.16 0,18 
1 0,179 0,1813 0,187 1-2 0,15 0.13 0.12 
2 0,194 0,199 0.199 2-4 0,11 0 ,IO 0,07 
4 0.21 7 0,219 0,213 4-6 0.09 0 ,OS) 0,06 
6 0,235 0,237 0,221 6-10 0.05 0.oti 0,04 

10 0,256 0,261 0,240 

I n  T a b l e  6 t he  magnitudes of R2. i n  cal/m3 min are compared w i t h  
t h e  s p e c t r a l  c a l c u l a t i o n s .  A t  an  average  e r r o r  of  25-30% a t  i n 
d i v i d u a l  a l t i t u d e s  t h e  modulus o f  R 2  i s  much g r e a t e r  t h a n  R SP 

and 

R i n t  . T h i s  i s  a p p a r e n t l y  exp la ined  i n  t he  f o l l o w i n g  manner. The  

d e n s i t i e s  pv and pu o f  t h e  abso rb ing  gases  r a p i d l y  d e c r e a s e  w i t h  
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a l t i t u d e ,  wh i l e  t h e  t r a n s m i s s i o n  f u n c t i o n  of  t h e  l a y e r  l y i n g  above /31
the  g iven  l e v e l ,  D(m: - mv,m: - m u )  r a p i d l y  i n c r e a s e s .  A s  a r e s u l t -

i n  c e r t a i n  models 

has a l o c a l  extremum, cons ide rab ly  exceeding  t h e  average va lue  of 
t h i s  f u n c t i o n .  Af te r  dD/dz, R2 a l s o  has an extremum. 

TABLE 6 

'0-1 0.40 0.36 0,49 0 4 %  0,18 0.16 
'"1-2 0.27 0.23 0,33 0.26 0.15 0,12 

2-4 0.19 0,18 0,21 0,25 0 ,ii 0.08 
4-a 0.1G 0,23 0.15 0.18 0,09 0.06 
6-10 0.12 0,08 0.14 0.16 0,05 0,iG 

. ... -

For t h e  i n v e s t i g a t i o n  o f  t h e  energy ba lance  o f  t h e  atmosphere,  ii 
i s  u s e f u l  t o  know t h e  g e n e r a l  c o o l i n g  o f  t h e  t roposphe re .  I n  Tab le  
7 t  he t o t a l  i n f l u x  t o  t h e  0-10 km l a y e r  i n  cal/cm*/min i s  compared
w i t  h t h a t  c a l c u l a t e d  b y  d i f f e r e n t  methods. From t h i s  t ab le  i t  i s  
aPPlarent  t ha t  t h e  e r r o r  of t h e  approximat ions  Rint and R2 amounts 

t o  about  lo%, and R1 i s  of t h e  o r d e r  o f  30%.  Thus i n  s p i t e  of t h e  

c h a r a c t e r i s t i c  i n d i c a t e d  above, t h e  approximat ion  of R 2  i n  t h e  c a l 
c u l a t i o n  of  t h e  c o o l i n g  o f  t h e  t roposphe re  t u r n s  ou t  t o  be  more 
a c c u r a t e  t h a n  R1. 

TABLE 7 

Mode 1 

A -0 .I84 -0.162 -0 .I11 -0.173 
B -0 .I98 -0.170 -0.114 -0 -210 
C -0.095 -0.090 -0.079 -0,109 
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' I n  conclus ion  we n o t e  t h a t  a l l  the comparisons a r e  g iven  only' for "smooth" models of t h e  atmosphere where t h e r e  a r e  no i n v e r 
s i o n s  of t empera tu re  and humidity.  I n  r e a l  c o n d i t i o n s  t h e  e r r o r  
o f  t h e  approximate methods "1" and "2"  may be l a r g e r .  I n  problems
of t h e  g e n e r a l  c i r c u l a t i q n  of the atmosphere and o t h e r  l a r g e - s c a l e
problems where s imple  methods of c o n s i d e r i n g  t h e  r a d i a n t  h e a t  
t r a n s f e r  a r e  r e q u i r e d ,  t h e  l o c a l  f e a t u r e s  of t h e  p r o f i l e s  of  temp
e r a t u r e  and h u m i d i t y  a r e  not  cons ide red .  W e  may hope t h a t  i n  such 
problems t h e  a p p l i c a t i o n  of approximate methods cons idered  above 
w i l l  t u r n  out  t o  be e n t i r e l y  j u s t i f i e d .  
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ESTIMATE OF THE ERROR I N  CALCULATION 
OF FLUXES AND INFLUXES OF THERMAL R A D I A T I O N  

DUE TO ERRORS OF I N I T I A L  METEOROLOGICAL PARAMETERS 

K h .  Yu. N i y l i s k  

For c a l c u l a t i o n  o f  the f l u x e s  o f  a tmospher ic  thermal radia
t i o n  i t  i s  necessa ry  t o  have data concern ing  t h e  d i s t r i b u t i o n s  of 
tempera ture ,  p r e s s u r e , ' a n d  t h e  components abso rb ing  the  thermal  
r a d i a t i o n  i n  t h e  atmosphere w i t h  t h e  s p e c i f i c  s y n o p t i c  s i t u a t i o n s  
under  c o n s i d e r a t i o n  [l]. E r r o r s  of  t h e  c a l c u l a t i o n s  of thermal  
r a d i a t i o n  caused by e r r o r s  of i n i t i a l  expe r imen ta l  data are e s t i 
mated below. 

A t  t h e  p r e s e n t  t i m e  sounding t h e  atmosphere i n  t h e  a e r o l o g i 
c a l  network of t h e  S o v i e t  Union i s  performed b a s i c a l l y  b y  r ad io 
sondes.  According t o  r e p o r t s  ob ta ined  from t h e  C e n t r a l  Aerologi
c a l  Observatory and acco rd ing  t o  re fs .  [2 ,3 ] ,  t h e  e r r o r s  of  meas
urement of t h e  t empera tu re  and p r e s s u r e  are l o c a t e d ,  r e s p e c t i v e l y
w i t h i n  l i m i t s  o f  (0 .4 -1 .1 ) '  and (3-8) -102  newtons/m2 ( i n  t he  range
of a l t i t u d e s  of  0-20 k m ) .  The e r r o r s  of  d e t e r m i n a t i o n  of t h e  r e l 
a t i v e  humidi ty  t o  an  a l t i t u d e  of 1 0  k m  amount t o  4 - l o % ,  and they
n o t i c e a b l y  i n c r e a s e  w i t h  a l t i t u d e ,  and above 10-12 k m  data con
c e r n i n g  t h e  moi s tu re  c o n t e n t  o f  t h e  atmosphere are  e i t h e r  l a c k i n g  
or are very  u n r e l i a b l e .  

I n  t h i s  work, i n  c a l c u l a t i o n s  o f  thermal  r a d i a t i o n  t h e  er
rors i n  t h e  v a l u e s  o f  t h e  tempera ture  and the  r e l a t i v e  humidi ty  
were assumed t o  be c l o s e  t o  t h e  magnitudes g iven  above. F luxes  
o f  descending  and ascending  r a d i a t i o n  (FJ. and F + )  were c a l c u l a t e d  
as w e l l  as r a d i a t i o n  heat i n f l u x e s  ( R )  f o r  hree s p e c t r a l  i n t e r 
v a l s  (1600-1550, 1300-1250, and 940-900 cm-?), and a l s o  for t h e  /33
i n t e g r a l  r a d i a t i o n  (2975-25 cm-1) f o r  e i g h t  models of t h e  atmo
sphere i n  t h e  i n t e r v a l  of  a l t i t u d e s  from 0 t o  40 k m .  The s t a n d a r d  
model of  t h e  atmosphere se rved  as t h e  b a s i c  model [ 4 ] .  The seven 
o t h e r  models were o b t a i n e d  by v a r i a t i o n  of t h e  d e v i a t i o n s  of t he  
tempera ture  (AT)  and r e l a t i v e  humidi ty  ( A U )  from t h e  cor responding
c h a r a c t e r i s t i c s  of  t h e  b a s i c  model. I n  t h i s  c a s e  t h e  maximum 
a b s o l u t e  e r r o r  of t h e  tempera ture  was e q u a l  t o  2 O ,  and t ha t  o f  
t he  r e l a t i v e  humidi ty  1 0 % .  

I n  t h e  c a l c u l a t i o n s  t he  s p e c t r a l  i n t e r v a l s  were s e l e c t e d  
which make it  p o s s i b l e  t o  a s c e r t a i n  the c h a r a c t e r i s t i c  f e a t u r e s  
o f  t he  e r r o r s  o f  r a d i a t i o n  f l u x e s  (AF+ and AF+) i n  v a r i o u s  absorp
t i o n  c o n d i t i o n s .  We w i l l  n o t e  tha t  t he  s e c t i o n  o f  t h e  spectrum
i n  (1600-1550) cm-1 i s  l o c a t e d  i n  t h e  c e n t e r  o f  the  a b s o r p t i o n
band of  water vapor ,  t he  s e c t i o n  (1300-1250) cm-l on the side of 
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TABLE 1 


~ 

Av== 1600 - 155Ob- '  
0 38 77 0 3 6 3 

4 136 10 357 iti 
40 

A V  = 1300 - 125Ojqr-' 
26 60 171 2 4 10 5 

100 12 1 47 2 8 391 17 
40 4 0 92 89 - 1375 5 2225 15 

hV= 940 900k&,'' 
0 598 42 46 187 97 7 s 31 16 

22 2 382 3 1272 9 I736 14 

0.4 0.01 0.9 0.02 1 1144 11 io00 22 
40loI ::E2 1 0.3 0.0001 0.7 0.0004 15000 5 35000 20 

- F i t - F a i  
> 0:FB?(lO?watt AF t = Fit -F.1 (iO4w.cm-2-fim-l) . I A F :  = 

wcm-2.pm-2) Fa 

AV= 1 6 0 0 - 1 5 5 0 ~ ~ i '  
1396 39 78 0 3 6 3 

1: 1 251 1 -4 
0 

5 2 2 0.8 0 
40 214 42 4 73 0 17 2 30 0 

A v =  1300 - 1 2 5 0 h -
0 2172 0 49 98 . 0 2 5 2 

10 
40 

1345 
1333 

-20 
-13 

13 
13 

-13 
-4 -io -1 

I 
1 

--d 
-0.3 . 

-0.7 
-0.8 

AV= 940 - 9 0 0 1 ~ - 1  
0 2520 0 41 82 0 2 3 2 

I O  2395 -10 30 40 1 2 0 8  
40 2390 -10 30 38 18 -0.4 1 2 0.8 



3 

i = O  i = 2  i = 3  i = 4  i = 6  i -2  i = 3  i = 4  i = 6  
AT" =0 AT,=O AT2 =1 AT, = 2 AT, =1 AT2 =0 AT, = 1 AT4 2 AT,=1 

A co= o dl'*= 5 Al ir  = 0 AU4 = 10 AL'. = ~ J o  AL't =5 3u*=o au4=io AU,=U"10 

Po1 1 AP 1 = F .  I - I:,, 1 ( i o - 4  w ..c.lt-3 1 - -
= 

F i l  
Fa 

-
1. 
IG.4 

(%I(10-4 w .c.H-~) 

z. kin 

0 
10 
40 

285 2.5 6 .I Id 88 
28 1' 1 ,2 21 1.8 
I.I 27 o .n 40 0 :I 

0.9 2 .I 6.1 3.2 
42 4.3 73 . 6.4 

2445 0 .o 3654 9 .I 

~ 

- Fii  - � ' a t  
A p t  = 

I.; t ( X )  

0 .o I .4 2.8 
-0.6 0.9 

1.2 0.9 

- li. - H"
Alt  = I,(, ("b) 

1 (10-4 2fe.w-2)  I A l : f  = P .  f --~.',f (10-6 w . c . I I - ~  

-~~ 

0 391 -0 ,o .5 11.o 5 3 
10 347 -1.4 2.3 1.8 0.7 
411 243 2 .9 2.3 9.2 0.6 

-
3R = I i i - It,, (10-fi.w .c.II-') 

1 -136 -0.6 -1.9 - -6.2 -2 .l 4 .R 1,5
io -36 43 - i . 8  54 .o -2.9 -120 .o 5 .O -149 .o 8.1 
40 -3.7 -9.8 -0.2 -14 .o -0 .o 5.4 368 .U 8.1 
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t h i s  band, and t h e  i n t e r v a l  (940-900) cm-l i s  one of  t he  most 
" t r a n s p a r e n t "  s e c t i o n s  of the' i n f r a r e d  r e g i o n  o f  t h e  spectrum. 

The r e s u l t s  o f  these c a l c u l a t i o n s  are e x p l a i n e d  i n  d e t a i l  
i n  r e f .  [ S I .  Here w e  w i l l  g i v e  on ly  t h e  most c h a r a c t e r i s t i c  data 
and t h e  g e n e r a l  conc lus ions .  

I n  T a b l e  1 t h e  magnitudes and v a r i a b i l i t y  of  t h e  e r r o r s  of  
f l u x e s  of thermal r a d i a t i o n  are p r e s e n t e d  f o r  t h e  s p e c t r a l  i n t e r 
v a l s  cons ide red ,  w i t h  ave rag ing  w i t h i n  t h e  l i m i t s  o f  each  i n t e r v a l .  
I n  Tab le  2 are g iven  analogous data f o r  i n t e g r a l  r a d i a t i o n ,  i nc lud 
i n g ,  i n  a d d i t i o n ,  a l s o  e r r o r s  of  r a d i a t i o n  i n f l u x e s  of  h e a t .  Here 
the  fo l lowing  symbols a r e  used:  AT i s  t h e  a b s o l u t e  e r r o r  of  t h e  
tempera ture  ( i n  O C ) ;  AU i s  t h e  a b s o l u t e  e r r o r  o f  t h e  r e l a t i v e  
humidi ty  ( i n  p e r c e n t a g e s ) ;  z i s  the  a l t i t u d e  of  t h e  l e v e l  f o r  which 
t h e  r a d i a t i o n  i s  b e i n g  cons ide red  ( i n  k m ) ;  Av i s  t h e  s p e c t r a l  i n 
t e r v a l  ( i n  cm-l);  and i i s  t h e  number of t h e  model acco rd ing  t o  
r e f .  [ S I .  

It i s  appa ren t  t h a t  t h e  e r r o r s  o f  t h e  i n i t i a l  m e t e o r o l o g i c a l  
data  may, i n  a number of  c a s e s ,  be t h e  cause  o f  q u i t e  s e r i o u s  er
rors i n  t h e  c a l c u l a t i o n s  of  t h e  r a d i a t i o n  f l u x e s .  The maximum 
a b s o l u t e  e r r o r s  o f  t h e  s p e c t r a l  f l u x e s  o f  c o u n t e r - r a d i a t i o n  (AFJ.),
o r i g i n a t i n g  as a consequence of e r r o r s  o f  t empera tu re ,  a r e  observed 
i n  t h e  c e n t r a l  i n t e r v a l s  o f  t h e  a b s o r p t i o n  bands; t h e y  a r e  e s p e c i 
a l l y  g r e a t ,  a p p a r e n t l y ,  i n  a b s o r p t i o n  bands l o c a t e d  c l o s e  t o  t h e  
maximum o f  t h e  energy d i s t r i b u t i o n  curve  of an  a b s o l u t e l y  b l a c k  
body ( f o r  example, a b s o r p t i o n  bands of carbon d i o x i d e  gas  around 
15  microns) .  The cor responding  r e l a t i v e  e r r o r s  a r e  l i t t l e  depend
e n t  upon t h e  magnitudes o f  a b s o r p t i o n  (see a t  i = 3 i n  Table 
1). The maximum a b s o l u t e  e r r o r s  of c o u n t e r - r a d i a t i o n  o r i g i n a t i n g  
as a consequence of  e r r o r s  of humidi ty  are  observed a t  average
magnitudes o f  t h e  a b s o r p t i o n  f u n c t i o n .  W e  w i l l  remember t h a t  t h e  
a b s o r p t i o n  f u n c t i o n  has average  v a l u e s  of  about  0 .3-0 .7  i n  t h e  
c e n t r a l  r e g i o n s  of  t h e  a b s o r p t i o n  bands a t  s m a l l  magnitudes of  
t h e  abso rb ing  mass, a t  t h e  edges of t h e  a b s o r p t i o n  bands a t  l a r g e
and average magnitudes of t h e  abso rb ing  mass, i n  t h e  "atmospheric
windows" a t  l a r g e  magnitudes of t h e  abso rb ing  mass. Consequently,
t h e  a l t i t u d e  of  t h e  l e v e l  where t h e  maximum a b s o l u t e  e r r o r s  o f  
r a d i a t i o n  are observed depends upon t h e  v e r t i c a l  d i s t r i b u t i o n  of  /36
t h e  absorb ing  subs t ances  i n  t h e  atmosphere and upon t h e  a b s o r p t i o n
f u n c t i o n  i n  t h e  spectrum i n t e r v a l  under c o n s i d e r a t i o n .  The cor
responding  r e l a t i v e  e r r o r s  i n c r e a s e  w i t h  an  i n c r e a s e  i n  t h e  " t r a n s 
parency" of t h e  s p e c t r a l  s e c t i o n  ( s e e  AFJ. a t  i = 2 i n  Table 1). 

I n  c o n s i d e r i n g  t h e  e r r o r s  of t h e  s p e c t r a l  f l u x e s  o f  ascending  
thermal  r a d i a t i o n ,  w e  s e e  t ha t  AF1. v a r i e s  w i t h  a l t i t u d e  cons ide r 
a b l y  less  t h a n  AF+. Errors of humidi ty  (even of  t h e  o r d e r  of 10%) 
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i n  t h e  lower t roposphe re  have p r a c t i c a l l y  no e f f e c t  on t h e  magni
t u d e s  of F1.. With a l t i t u d e ,  t h e  e f f e c t  of  AU on AF+ i n c r e a s e s  
somewhat. A comparison of  t he  c h a r a c t e r i s t i c  f e a t u r e s  of t h e  
v a r i a t i o n  of AF1. w i t h  a l t i t u d e  i n  v a r i o u s  s p e c t r a l  i n t e r v a l s  i n 
d i c a t e s  t h a t  e r r o r s  of  tempera ture  i n  t h e  "atmospheric  windows'' 
and e r r o r s  of  humidi ty  a t  t h e  average v a l u e s  of  a b s o r p t i o n  have 
t h e  g r e a t e s t  e f f e c t  on ascending  r a d i a t i o n  f l u x e s .  R e l a t i v e  e r 
rors of  t he  s p e c t r a l  f l u x e s  of  ascending  r a d i a t i o n  i n  t h e  m a j o r i t y
of c a s e s  do n o t  exceed 5%. 

I n  a l l  t h e  s p e c t r a l  i n t e r v a l s  cons ide red  t h e  e r r o r s  of t h e  
r a d i a n t  i n f l u x  of heat i n  t h e  lower t roposphe re  a r e  small-f t he  
o r d e r  of  1-5%. However, t h e y  r a p i d l y  i n c r e a s e  w i t h  a l t i t u d e ,  and 
above 9-10 k m  a l ready r e l a t i v e  e r r o r s  of  t h e  s p e c t r a l  i n f l u x  ex
ceeding  100% a r e  observed.  I n  t h i s  ca se  t h e  magnitudes o f  are 
b a s i c a l l y  determined by t he  e r r o r  of t h e  h u m i d i t y  and depend l i t t l e  
upon t h e  e r r o r  of t empera tu re .  

The r e l a t i v e  magnitudes and t h e  n a t u r e  of  t h e  d i s t r i b u t i o n  of 
t h e  e r r o r s  of i n t e g r a l  f l u x e s  of thermal  r a d i a t i o n  have a s imilar
i t y  w i t h  e r r o r s  i n  t h e  s p e c t r a l  i n t e r v a l  w i t h  moderate a b s o r p t i o n
( f o r  example, i n  t h e  i n t e r v a l  of 1300-1250 cm-1). To an  a l t i t u d e  
of 6-7 k m  t h e  magnitudes of  AF+ and AF+ a r e  compara t ive ly  s m a l l  
(even a t  AT = 2 O  and AU = 10% t h e  v a l u e s  of do no t  exceed 1 0 % ) .
However, i n - t h e  upper  atmosphere i n  a number o f  c a s e s  very  large
v a l u e s  o f  t h e  e r r o r s  of  i n t e g r a l  c o u n t e r - r a d i a t i o n  are observed 
( s e e  T a b l e  2 ) .  I n  t h i s  c a s e  a t  a l t i t u d e s  z > 1 0  k m  t h e  e f f e c t  of 
e r r o r s  of  t empera tu re  i s  n e g l i g i b l e ,  and p r a c t i c a l l y  t h e  only  
sou rce  of e r r o r s  of AF+ are humidfty e r r o r s .  Errors i n  magnitudes
of t h e  ascending  r a d i a t i o n  a r e  sma l l  and are almost  independent  of 
a l t i t u d e .  

We a l s o  n o t e  t h a t  t h e  r e s u l t s  g iven  above a g r e e  w e l l  w i t h  
t h e  cor responding  r e s u l t s  of [6], where e r r o r s  of  t h e  c a l c u l a t i o n s  
of i n t e g r a l  t he rma l  r a d i a t i o n  t o  an a l t i t u d e  of  t h e  o r d e r  of  1 0  k m  
were cons ide red .  

The v a l u e s  of i n t e g r a l  r a d i a n t  i n f l u x e s  o f  h e a t  are  very  sen
s i t i v e  to e r r o r s  of humidi ty .  I n  models  of t h e  atmosphere where 
t h e  magnitudes of AU are c o n s i d e r a b l e ,  t h e  maximum of  AR around 
1 0  k m  i s  abserved ,  and i n  t h e  lower t roposphe re  and i n  t he  r e g i o n
of 20-30 k m  t he  v a l u e s  of  t h e  a b s o l u t e  e r r o r s  o f  t h e  i n f l u x  are 
compara t ive ly  s m a l l ;  t h e  cor responding  magnitudes o f  r e l a t i v e  
e r r o r s  (AR) i n  t h e  upper  t roposphe re  and i n  t h e  s t r a t o s p h e r e  ex-
-ceed 1 0 0 % .  A t  s m a l l  e r r o r s  o f  humidi ty  t h e  magnitudes of  AR and 
AR are a l s o  s m a l l  a t  a l l  t h e  a l t i t u d e s  i n  t h e  atmosphere considere-1 3 7  
We should  n o t e  t h a t  t h e  r e l a t i v e  e r r o r s  of  t h e  i n t e g r a l  i n f l u x  are 
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cons ide rab ly  l e s s  t h a n  i n  t h e  c a s e  o f  t h e  i n d i v i d u a l  s p e c t r a l  i n t e r 
v a l s  cons idered  i n  t h e  g iven  work. 

The r e s u l t s  o f  t h i s  work demonst ra te  t h a t  t h e  accuracy  o f  
measurement of  t h e  atmospheric  t empera tu re  t h a t  i s  o b t a i n a b l e  a t  
t h e  p r e s e n t  t i m e  ( o f  t he  o r d e r  of 0.5-l.OO) i s  e n t i r e l y  s a t i s f a c 
t o r y  f o r  t h e  c a l c u l a t i o n  of  f l u x e s  and i n f l u x e s  of t h e  i n t e g p a l  
thermal  r a d i a t i o n  of t h e  atmosphere.  However, an  i n c r e a s e  i n  t h e  
accuracy  of t h e  measurement of t he  c h a r a c t e r i s t i c s  o f  humidi ty  i s  
necessa ry ,  e s p e c i a l l y  i n  the  upper atmosphere:  whi le  i n  t he  lower 
atmosphere t h e  a b s o l u t e  e r r o r  of  t h e  r e l a t i v e  humidi ty ,  AU = &lo%, 
which makes i t  p o s s i b l e  t o  o b t a i n  i n t e g r a l  f l u x e s  of r a d i a t i o n  and 
r a d i a n t  h e a t  i n f l u x e s  w i t h  an  accuracy  of about  5-lO%, 'above 8-10 
km such a n  accuracy  can be ob ta ined  i n  t h e  r a d i a t i o n .  v a l u e s  on ly
i n  a case  when t h e  r e l a t i v e  e r r o r  of t h e  humidi ty  AU/U 2 1 0 % .  For 
de t e rmina t ion  of t h e  s p e c t r a l  d i s t r i b u t i o n  of  f l u x e s  and i n f l u x e s  

i n i t i a l  m e t e o r o l o g i c a l  datao f  r a d i a t i o n  i t  i s  d e s i r a b l e  
of even h i g h e r  accuracy  (AT
I n c r e a s e  i n  t h e  r e l i a b i l i t y  
wa te r  vapor and tempera ture
problems of  meteorology. 
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t o  have 
< 0.5' C ,  AU/U < 5 % ) .  The re fo re ,  an  
of  t h e  measurement of t h e  c o n t e n t  of 
i n  t h e  atmosphere i s  one of  t h e  u rgen t  
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ON CALCULATIONS O F  THE THERMAL R A D I A T I O N  1 3 8-OF THE ATMOSPHERE I N  BROKEN CLOUD COVER 

K h .  Yu. N i y l i s k  

On the  basis o f  r e f s .  11-33, below b r i e f  conc lus ions  are  
g iven ,  ob ta ined  i n  t h e  i n v e s t i g a t i o n  of  the  p o s s i b i l i t i e s  o f  t h e  
c a l c u l a t i o n  o f  f l u x e s  of  c o u n t e r - r a d i a t i o n  i n  broken c loud  cover  
and t h e  d e t e r m i n a t i o n  of  magnitudes o f  thermal  r a d i a t i o n  o f  t h e  
atmosphere averaged  throughout  l a r g e  t e r r i t o r i e s .  With t h i s ,  an  
estimate of  t he  accu racy  o f  t h e  proposed methodology of t h e  c a l 
c u l a t i o n s  i s  g iven .  

1. The e f f e c t  o f  c louds  on the  c o u n t e r - r a d i a t i o n  of  t h e  
atmosphere a t  the  ear th ' s  s u r f a c e  depends c o n s i d e r a b l y  upon the  
moi s tu re  c o n t e n t  and t empera tu re  o f  t he  atmosphere under t he  c loud .  
The appearance of  c louds  i n c r e a s e s  c o u n t e r - r a d i a t i o n  by 2 O - 3 O % ,  on 
t h e  average .  

2 .  With a b l a c k  model of  t he  c loud ,  the thermal r a d i a t i o n  o f  
t h e  l a te ra l  pa r t s  o f  t h e  cloud,  a r r i v i n g  a t  t h e  ear th ' s  s u r f a c e ,  
may be c a l c u l a t e d  w i t h  a good accuracy  as t h e  r a d i a t i o n  of t h e i r  
imaginary p r o j e c t i o n  from t h e  p o i n t  o f  o b s e r v a t i o n  t o  t h e  l e v e l  o f  
t h e  lower boundary of  t h e  c loud  a t  t h e  t empera tu re  of  t h i s  l e v e l .  
I n  o t h e r  words, i n s t e a d  of  a r e a l  c loud  w e  may c o n s i d e r  a p l a t e ,  
t h e  dimensions o f  which depend upon the  dimensions and upon t h e  
z e n i t h  a n g l e  of  t h e  c loud ,  and the  r a d i a t i o n  i s  e q u a l  t o  t h e  radi
a t i o n  of a b l a c k  body a t  t h e  tempera ture  a t  t h e  l e v e l  of  t h e  lower 
boundary of  t h e  c loud .  

3. The c l o s e r  t h e  cloud zone t o  t h e  h o r i z o n  t h e  less  i t s  
e f f e c t  on t h e  magnitude of t h e  c o u n t e r - r a d i a t i o n  of  t h e  atmosphere
i s  f e l t .  If t h e  q u a n t i t y  of c loud cove r  n < 3 and t h e  cloud r i n g
i s  l o c a t e d  a t  t h e  ve ry  ho r i zon ,  t h e  c o u n t e r - r a d i a t i o n  o f  t h e  atmo
sphere shows p r a c t i c a l l y  no d i f f e r e n c e  from t h e  c o u n t e r - r a d i a t i o n  
of a c l e a r  s k y .  

4 .  The l i n e a r  dependence of f l u x e s  of  c o u n t e r - r a d i a t i o n  upon 
t h e  degree  of  c loud  cove r  occur s  only  i n  a c a s e  when t h e  c louds  
are  uniformly d i s t r i b u t e d  w i t h  r e s p e c t  t o  t h e  z e n i t h  ang le .  I n  
t h e  c loud  cover  l o c a t e d  e i t h e r  a t  t h e  ho r i zon  o r  n e a r  t h e  z e n i t h ,  
t h e  dependence of t h e  c o u n t e r - r a d i a t i o n  upon n i s  n o n l i n e a r .  

5.  The v a r i a t i o n  of t h e  a l t i t u d e  of  t h e  lower boundary of  
c louds ,  as a r u l e ,  a f f e c t s  t h e  magnitudes of  t h e  ground counter -
r a d i a t i o n  of t h e  atmosphere much l e s s  t h a n  s e a s o n a l  v a r i a t i o n s  o f  
t h e  me teo ro log ica l  c h a r a c t e r i s t i c s  of  t h e  atmosphere.  
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6 .  For c a l c u l a t i o n s  of  c o u n t e r - r a d i a t i o n  f o r  a g iven
d i s t r i b u t i o n  o f  c louds  i n  r i n g  zones of  t h e  sky t h e  
f o l l o w i n g  formula i s  recommended: 

Here t h e  sky i s  d i v i d e d  i n t o  k zones,  t h e  boundar i e s  o f  which /39 
are de termined  by t h e  z e n i t h  a n g l e  of  9 and 1 9 ~ + ~ .  I n  each  zone 
the  degree of  c loud  cove r  must be known (10  n . )  and t h e  magnitudes

J 
of t h e  r a d i a t i o n s  i n t e n s i t y  f o r  c l e a r  s k y  and e n t i r e l y  o v e r c a s t  
sky ( t h e  v a l u e s  a re  Jo(8)  and J n ( 8 ) ) .  Thus i n  t h e  g iven  c a s e  very  
de t a i l ed  i n i t i a l  data i s  r e q u i r e d ,  and t h e  cor responding  c a l c u l a 
t i o n s  are q u i t e  cumbersome. 

7. When k = 2 ,  i . e . ,  w i t h  c o n s i d e r a t i o n  o f  t h e  q u a n t i t y  o f  
c louds  i n d i v i d u a l l y  i n  two zones (a t  i n t e r v a l s  of  t h e  z e n i t h  a n g l e  
8 from 0-6oo and from 6 0 - 9 0 O )  t h e  c a l c u l a t i o n  e r r o r  FJ. acco rd ing  
t o  formula (1) i s  small-in t h e  m a j o r i t y  of  c a s e s  i t  does n o t  
exceed 3% [l]. 

8. F i n a l l y ,  a s imple  formula 

makes i t  p o s s i b l e  t o  c a l c u l a t e  t h e  c o u n t e r - r a d i a t i o n  of  t h e  atmo
s p h e r e  w i t h  a c o n s i d e r a t i o n  o f  t h e  q u a n t i t y  o f  c l o u d s ,  r e g a r d l e s s
of  t h e i r  arrangement  throughout  t h e  s k y ,  w i t h  an  e r r o r  r e l a t i v e  
t o  t h e  c a l c u l a t i o n s  a c c o r d i n g  t o  formula  (1) of  t h e  o r d e r  of 5-10% 
(here  FnG i s  t h e  c o u n t e r - r a d i a t i o n  w i t h  a n  e n t i r e l y  o v e r c a s t  s k y ,  
FOG i s  t h e  c o u n t e r - r a d i a t i o n  w i t h  a n  e n t i r e l y  c l e a r  s k y ) .  

t h e  averaged  v a l u e s  
r a d i a t i o n  FA+ th roughout  t h e  t e r r i t o r y n  , t h e  f o l l o w i n g  formula  I s  

9 .  For t h e  c a l c u l a t i o n  of  of  t h e  counter -

proposed : 

where EA i s  t h e  averaged  q u a n t i t y  of  r e l a t i v e  
o u t  the t e r r i t o r y R .  The c a l c u l a t i o n  schemes 
of  ?iA are g iven  i n  re fs .  [ 4 ]  and CIII.251. 

c loud  cover  through-
f o r  t h e  d e t e r m i n a t i o n  
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Formula ( 3 )  w a s  d e r i v e d  under  t h e  assumption t h a t  over  t h e  
t e r r i t o r y  A t h e  m e t e o r o l o g i c a l  c h a r a c t e r i s t i c s  of  t h e  atmopshere
i n  a h o r i z o n t a l  d i r e c t i o n  do n o t  va ry  o r  v a r y  on ly  weakly. I n  the  
l a t t e r  c a s e  t h e  q u a n t i t i e s  FO+ and Fni  are c a l c u l a t e d  on t h e  basis 
of  t h e  average  v e r t i c a l  d i s t r i b u t i o n s  of  t e m p e r a t u r e ,  p r e s s u r e ,
and humidi ty  f o r  t h e  g i v e n  r e g i o n .  

10 .  A t  l a r g e  g r a d i e n t s  of  t h e  h o r i z o n t a l  v a r i a t i o n  of t h e  
m e t e o r o l o g i c a l  pa rame te r s  it i s  a d v i s a b l e  t o  d i v i d e  t h e  t e r r i t o r y
A i n t o  p a r t s  A i  and to determine  t h e  average  v a l u e  of  t h e  r a d i a t i o n  
f l u x  f o r  each  of them [accord ing  to formula ( 3 1 .  The t o t a l  ave r 
aged v a l u e  of t h e  c o u n t e r - r a d i a t i o n  i s  t h e n  c a l c u l a t e d  acco rd ing  
to t h e  formula 

11. I f  data are  l a c k i n g  f o r - c a l c u l a t i o n  o f  the  averaged  v a l u e s  
of  t h e  r e l a t i v e  c loud  cover  t h e n  F + are c a l c u l a t e d  a c c o r d i n g  to 
formula ( 3 )  [or a c c o r d i n g  t o  ( 3 )  and ( 4 ) ]  w i t h  t h e  u s e  of  t h e  co r - 7/ 4 0
r e spond ing  magnitude of t h e  a b s o l u t e  c loud  cove r  no  i n s t e a d  of  E A  

[ 2 3 .  Our estimates demons t r a t e  that  i n  c a l c u l a t i o n  a c c o r d i n g  to 
t h e  approximate formula  ( 3 )  w i t h  t h e  u s e  o f  E A  w e  o b t a i n  somewhat 
exaggera ted  v a l u e s  of FA+,and w i t h  t h e  use  of no ,  somewhat under
s ta ted v a l u e s .  We n o t e  t ha t  bo th  v a r i a t i o n s  g i v e  p r a c t i c a l l y  t h e  
same r e s u l t s  a t  t h e  f o l l o w i n g  c o n d i t i o n s :  1) t h e  q u a n t i t y  o f  abso
l u t e  c loud  cove r  i s  g r e a t e r  t h a n  a s c a l e  o f  6-8, 2 )  a t  any v a l u e  
of no i f  t h e  v e r t i c a l  t h i c k n e s s  o f  t h e  c l o u d s  does  n o t  exceed 0.1
0 . 2  k m  and t h e  dimensions of  t h e  c louds  are  n o t  too s m a l l .  

1 2 .  According t o  formulas  ( 3 )  and (4) w e  may a l s o  de t e rmine  
t h e  a v e r a g e d m a g n i t u d e s o f  t h e  f l u x e s  o f  a scend ing  and e f f e c t i v e  
thermal r a d i a t i o n ,  and on t h e  basis of these  r e s u l t s  estimate the  
averaged v a l u e s  of  t h e  r a d i a t i o n  i n f l u x e s  of  h e a t .  However, i n  
t h e  f ree  atmosphere at t h e  l e v e l  of  t h e  c louds  and above t h e  c l o u d s ,  
where t h e  e f f e c t  o f  t h e  h o r i z o n t a l  h e t e r o g e n e i t y  o f  t h e  atmosphere
i s  a l r e a d y  s i g n i f i c a n t ,  t h e  accuracy  o f  t h e  d e t e r m i n a t i o n  of t h e  
averaged  magnitudes of thermal r a d i a t i o n  a c c o r d i n g  t o  formulas  ( 3 )
and ( 4 )  i s  c e r t a i n l y  l e s s  t h a n  n e a r  t h e  ear th’s  s u r f a c e .  
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VERTICAL PROFILES OF FLUXES OF LONG-WAVE R A D I A T I O N  
I N  A CLOUDY ATMOSPHERE 

(Measurements and C a l c u l a t i o n s )  

N .  I .  Goysa, V. D .  Oppengeym, and Y e .  M .  Feygel ' son  

I n  t h e  Southwest  Ukraine r e g i o n  i n  t h e  s p r i n g  o f  1967 a se r i e s  
o f  measurements o f  long-wave r a d i a t i o n . f l u x e s  and  t h e  e f f e c t i v e  
r a d i a t i o n  i n  c loud  c o n d i t i o n s  d u r i n g  t h e  day and t h e  n i g h t  was con
duc ted .  The measurements were conducted t o  a n  a l t i t u d e  of  3-4 k m  
from an I L - 1 4  a i r c r a f t  by means o f  two i n d e p e n d e n t l y  c a l i b r a t e d  i n 
s t r u m e n t s  o f  d i f f e r e n t  d e s i g n :  a Yanishevskiy  b a l a n c e  gauge and 
r a d i a t i o n  thermoelements  (RTE) d e s i g n e d  by B. P .  Kozyrev. The RTE 
d e t e c t o r s  made i t  p o s s i b l e  t o  measure f l u x e s  o f  i n c i d e n t  FJ- and 141-a s c e n d i n g  F+ long-wave r a d i a t i o n  s e p a r a t e l y .  I n  t h e  f r ee  atmo
s p h e r e  a c t i n o m e t r i c  measurements were conducted  a t  i n t e r v a l s  o f  
Az = 1 0 0 0  m and n e a r  t h e  c loud  b o u n d a r i e s  and w i t h i n  t h e  c l o u d s  a t  
50 m 5 Az 1 0 0  m.  S imul t aneous ly ,  t h e  a l t i t u d e  of  t h e  upper  bound
a r y  of  t h e  c loud  l a y e r  was de te rmined ,  i t s  t h i c k n e s s ,  t h e  d i s t r i 
b u t i o n  o f  t h e  a b s o l u t e  humidi ty  w i t h i n  t h e  c l o u d  w a s  measured, and 
a l s o  t h e  d i s t r i b u t i o n  o f  t h e  t e m p e r a t u r e  and humidi ty  w i t h  r e s p e c t  
t o  a l t i t u d e .  The methodology of t h e  measurements and t h e  p rocess 
i n g  of  t h e  data  a re  d e s c r i b e d  i n  d e t a i l  i n  r e f s .  [ 1 , 2 ] .  A compari
son of  t h e  magnitudes o f  e f f e c t i v e  r a d i a t i o n ,  o b t a i n e d  by means of  
t h e  Yanishevskiy  b a l a n c e  gauge and t h e  RTE demons t r a t ed  t h a t  no 
n o t i c e a b l e  s y s t e m a t i c  d i f f e r e n c e s  are  observed  between, the  v a l u e s  
o f  F o b t a i n e d  s i m u l t a n e o u s l y  by means o f  t hese  i n s t r u m e n t s .  The 
mean s q u a r e  d e v i a t i o n  o f  t h e  a b s o l u t e  magni tudes  o f  t h e  e f f e c t i v e  
, r a d i a t i o n ,  measured b y  t h e  two i n s t r u m e n t s ,  amounts t o  kO.022 c a l  
p e r c m 2 m i n  ( w i t h  an  ave rage  v a l u e  o f  F = 0.15 cal /cm2 m i n ) ,  which 
a g r e e s  w i t h  t h e  l i m i t s  o f  accu racy  o f  measurement o f  F o f  each  o f  
t h e  i n s t r u m e n t s .  S i n c e  t h e  volume o f  e x p e r i m e n t a l  data i s  n o t  
g r e a t ,  t h i s  c o n c l u s i o n  should  be  c o n s i d e r e d  as p r e l i m i n a r y .  

On t h e  bas i s  of 25 v e r t i c a l  p r o f i l e s  o f  t h e  e f f e c t i v e  r a d i a 
t i o n  i n  one- layer  S t  c l o u d s ,  an  e x p e r i m e n t a l  r a d i a t i o n  model of  
t h e  "average  s t r a t o f o r m o u s  c loud"  was c o n s t r u c t e d .  The method o f  
c o n s t r u c t i o n  and t h e  bas i s  pa rame te r s  o f  t h i s  model are  d e s c r i b e d  
i n  r e f s .  [ 2 , 3 ] .  The n a t u r e  of t he  d i s t r i b u t i o n  o f  R i n  such  an  
ave rage  c loud  and above i t  i s  p r e s e n t e d  i n  t h e  drawing ,  from which 
i t  i s  a p p a r e n t  t h a t  i n  t h e  a tmosphere above t h e  c loud  t h e  r a d i a 
t i o n  i n f l u x  R of heat  amounts t o  - 0 . 3  ca l /cm3 min on t h e  a v e r a g e ,  
i . e . ,  of  t h e  same o r d e r  o f  magnitude as i n  a c l e a r  s k y ,  somewhat 
exceeding  t h e  l a t t e r .  W i t h i n  t h e  c lou6  t h e  upper  50-meter l a y e r
i s  t h e  most a c t i v e .  Here t h e  r a d i a t i o n  i n f l u x  R amounts t o  

v *g
- 1 7 . 4  cal /m3 min on t h e  a v e r a g e .  I n  t h e  nex t  50-meter  l a y e r ,  R /42 



P r o f i l e s  of  r a d i a t i o n  c o o l i n g .
1- i n f l u x  c a l c u l a t e d  a c c o r d i n g  t o  average  expe r imen ta l  data;  
2- i n f l u x  c a l c u l a t e d  acco rd ing  to ave rage  v a l u e s  of  T ,  p v ,  and pW '3- average  p r o f i l e  of  a b s o l u t e  humidi ty .  

d e c r e a s e s  t o  a f i f t h  of  i t s  former f i g u r e ,  and amounts t o  -3.2 
cal/cm3 min. Then f o l l o w s  a l a y e r  o f  1 5 0  m where R 0 .  And, 
f i n a l l y ,  a t  a d e p t h  o f  300-350 m from t h e  upper  boundary of  t h e  
c loud  a r a d i a t i o n  h e a t i n g  i s  observed ,  and t h e  i n f l u x  R n * g  here  
amounts t o  +0.4 cal/m3 min on t h e  average .  

The r a d i a t i o n  i n f l u x  of  heat  t o  t h e  "average cloud" as a 
whole amounts t o  - 0 . 1 1 0  cal /cm3 min, and 8 0 %  of  t h e  e n t i r e  radia
t i o n  c o o l i n g  f a l l s  t o  t h e  share of t h e  upper  1 0 0  m.  

Because of  t h e  complex of  measurements d e s c r i b e d  above, i t  
t u r n s  out t o  be  p o s s i b l e  to perform c a l c u l a t i o n s  of  t h e  r a d i a t i o n  
f l u x e s  and i n f l u x e s  a c c o r d i n g  to a well-known methodology [4,5]
b y  means of t h e  i n t e g r a l  t r a n s m i s s i o n  f u n c t i o n  o f  a cloudy atmo
sphe re  C61 and to compare t h e  r e s u l t s  of  t h e  c a l c u l a t i o n s  w i t h  
data  from measurements. The c a l c u l a t i o n s  of t h e  i n f l u x  a c c o r d i n g  
t o  ave rage  v a l u e s  of  T ,  p v ,  p w ,  p r e s e n t e d  i n  t h e  drawing t u r n e d  
ou t  t o  be  i n  good agreement w i t h  t h e  ave rage  expe r imen ta l  model. 
A comparison of  s e v e r a l  i n d i v i d u a l  examples o f  measurements and 
c a l c u l a t i o n s  demonst ra ted  t h e i r  good agreement f o r  ascending
f l u x e s  a t  z I 3 k m  and descending  f l u x e s  i n s i d e  t h e  c loud :  t h e  
d i f f e r e n c e  between t h e  c a l c u l a t i o n  and t h e  measurements t u r n e d  
ou t  t o  be  of t h e  o r d e r  o f  6 % ,  on t h e  ave rage .  The d ive rgence  i n  
t h e  magnitudes o f  t h e  measured and c a l c u l a t e d  downflows r e a c h e s  
1 5 %  a t  '1 km 5 z 2 3 km. P o s s i b l e  causes  of  t h i s  d ive rgence  are 
d i s c u s s e d  i n  12'7'3. 



Influxes calculated according to the data from measurements 
given above and calculations near the upper boundary of the cloud 
‘RV.g) and in the 1-3 km layer (Rsl) are presented in the table. 

The table shows the good correspondence of Rm and Rcal in the 


layer above the cloud and the possibility of essential differences 

near the upper boundary. Nevertheless, even here the calculations 

correctly determirie the order of R and make it possible to es

v-g
tablish that in comparison with a cloudless atmosphere the influx 
at the upper boundary increases by two orders of magnitude. 

The investigation performed demonstrates the possibility of 

the study of the radiation regime of stratoformous clouds and 

tropospheric layers with a thickness of 1-2 km by means of the 

individual units of actinometric instruments (Yanishevskiy balance 

gauges and RTE detectors). 
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11. SHORT-WAVE R A D I A T I O N  

TRANSFER OF SOLAR R A D I A T I O N  I N  THE ATMOSPHERE 
0. A .  Avaste 

I n  t h i s  a r t i c l e  a survey  i s  g i v e n  o f  t h e  b a s i c  r e s u l t s  i n  t he  fi 
. i n v e s t i g a t i o n  of f l u x e s  and i n f l u x e s  of s o l a r  r a d i a t i o n  o b t a i n e d  
by t h e  a u t h o r  and d e s c r i b e d  i n  more d e t a i l  i n  r e f s .  [I-61, c I I .21 .  

I n  t he  statement of  t h e  problem, r e g i o n s  of  v i s i b l e  and i n f r a 
red r a d i a t i o n  were cons ide red  s e p a r a t e l y ,  w i t h  a c o n s i d e r a t i o n  of  
t h e  f a c t o r s  cons ide red  i n  Table  1 i n  each  s p e c i f i c  case .  

TABLE 1 

l s p e c t r a l  r e g i o n  Wavelength S c a t t e r i n g  cons ide red  

v i s i b l e  m u l t i p l e  

nea r  i n f r a r e d  one-time 

. .  

Absorpt ion  
-- _ _ _ _  

no t  
cons ide red  
s p e c t r a l
a b s o r p t i o n
by H 2 0  and 
C O 2  g a s e s
cons ide red  

Absorpt ion by ozone ( t h e  Chapius bands)  i n  t h e  20-60  k m  l a y e r  
was cons ide red  by means of  a s s i g n i n g  t h e  s p e c t r a l  "sub-zone" of  
t h e  s o l a r  c o n s t a n t  [1,7,81. 

S c a t t e r i n g  i n  molecules  of a i r  and i n  a n  a e r o s o l  w a s  con
s i d e r e d  by ass ignment  of t h e  s p e c t r a l  o p t i c a l  t h i c k n e s s e s  and t h e  
s c a t t e r i n g  i n d i c a t r i x  averaged  f o r  t h e  e n t i r e  column of t h e  atmo
sphe re  [l]. 

I n  t h e  n e a r  i n f r a r e d  r e g i o n ,  a b s o r p t i o n  by wa te r  vapor  and 
carbon d i o x i d e  gas p l a y s  a n  impor t an t  p a r t .  I n  t h e  work t h e  
s p e c t r a l  t r a n s m i s s i o n  f u n c t i o n s  of these g a s e s  were used .  

A method was developed f o r  c a l c u l a t i n g  the  s p e c t r a l  d i s t r i b u 
t i o n  of  d i r e c t  s o l a r  and s c a t t e r e d  r a d i a t i o n ,  and a l s o  i n f l u x e s  
a t  v a r i o u s  a l t i t u d e s  Cl-51. The e f f e c t  o f  t h e  p r e s s u r e  v a r y i n g
i n  t h e  beam p a t h  on t h e  a b s o r p t i o n  f u n c t i o n  w a s  cons ide red  by 
means of  t h e  parameter  xz ,  de te rmined  by t h e  formula 
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Here p ( z )  ( i n  g/cm 3 ) i s  t h e  c o n c e n t r a t i o n  of t h e  abso rb ing  g a s  a t  
t h e  a l t i t u d e  z ;  n i s  a c o n s t a n t ;  n(H20) = 0 .3 ;  n(C02) = 0 . 4 ;  P 
( i n  mm Hg) i s  t h e  a tmospher ic  p r e s s u r e ;  R( in  mm Hg) i s  t h e  p a r t i a l  /45-
p r e s s u r e  of  t h e  a b s o r b i n g  gas .  

The a b s o r p t i o n  f u n c t i o n  A(xZ) f o r  i n d i v i d u a l  a b s o r p t i o n  bands 
of H20 and C 0 2  gases i s  g iven  i n  r e f .  [2 ] .  

The  b a s i c  c h a r a c t e r i s t i c s  of t h e  average  s t a n d a r d  model of  
t h e  atmosphere used are:  vo lumet r i c  c o n c e n t r a t i o n  of carbon diox
i d e  gas  c o n s t a n t  (0 .033% by volume),  c o n c e n t r a t i o n  of a e r o s o l  de
c r e a s e s  e x p o n e n t i a l l y  as a f u n c t i o n  of a l t i t u d e ,  t o t a l  o p t i c a l
t h i c k n e s s  ( a e r o s o l  + a i r  molecules )  T* = - c ( X 0 )  = 0 . 3  a t  X o  = 0.55 
microns,  q u a n t i t y  o f  ozone 0 . 2 5  atm/cm, c o n t e n t  of water vapor  i n  

00 

t h e  v e r t i c a l  column of t h e  atmosphere mv = j p v ( z ) d z  = 2 . 1 ,  i n  em 
0 


where pv i s  t h e  d e n s i t y  of  t h e  water vapor .  

Cloudless  a tmosphere.  W e  w i l l  g i v e  c e r t a i n  r e s u l t s  of  [2-51.
The magnitude of t h e  s o l a r  energy absorbed  i n  t h e  e n t i r e  column of  
t h e  atmosphere depends upon t h e  g e n e r a l  c o n t e n t  of  t h e  water vapor ,  
t h e  a l t i t u d e  of  t h e  sun ,  and t h e  o p t i c a l  t h i c k n e s s  of  t h e  atmo
sphere,  bu t  i s  a lmost  independent  of t he  d i s t r i b u t i o n  of  water 
vapor w i t h  a l t i t u d e .  I n  t h e  c a l c u l a t i o n  of  t h e  v e r t i c a l  d i s t r i b u 
t i o n  of  t h e  r a d i a t i o n  h e a t i n g  of t h e  a i r ,  it i s  necessa ry  t o  con
s ide r  t h e  d i s t r i b u t i o n  of l a y e r s  of water vapor  as a f u n c t i o n  of 
a l t i t u d e .  A t  a n  ave rage  c o n t e n t  of  t h e  wa te r  vapor  i n  t h e  atmo
sphe re  ( w  = 2 . 1  em) i n  t h e  0-20 k m  l a y e r  t h e  absorbed d i r e c t  s o l a r  
r a d i a t i o n  amounts t o  about  1 2 %  of  t h e  i n c i d e n t  s o l a r  r a d i a t i o n  
from o u t s i d e  t h e  atmosphere,  w i t h  a v a r i a t i o n  of t h e  z e n i t h  a n g l e
of t h e  sun from 0 t o  60 degrees. R a d i a t i o n  h e a t i n g  dT/dt  for t h e  
average  s t a n d a r d  model a t  i n d i v i d u a l  l e v e l s  i n  t h e  0-20 k m  l a y e r
does no t  exceed 0.08 degree/hr .  With a s t r a t i f i e d  d i s t r i b u t i o n  
of t he  water vapor  i n  t h e  atmosphere,  r a d i a t i o n  h e a t i n g  may r e a c h  
3.0 degrees /hr  i n  i n d i v i d u a l  l a y e r s .  I n  F i g .  1 t h e  d i s t r i b u t i o n  
of t h e  q u a n t i t y  dT/dt f o r  v a r i o u s  c o n t e n t s  of  mvand d i s t r i b u t i o n s  
o f  water vapor  w i t h  a l t i t u d e  i s  g iven .  

Absorp t ion  of s c a t t e r e d  r a d i a t i o n  AD i s  s m a l l  i n  comparison 
w i t h  a b s o r p t i o n  of d i r e c t  s o l a r  radiation-AS' a t  a low a lbedo  of 
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t h e  ear th ' s  s u r f a c e  (for example, i n  t h e  c a s e  of t h e  sea) .  I n  T a b l e  
2 t h e s e  q u a n t i t i e s  are compared a t  A = 6%, which cor responds  to 
bhe a lbedo  of  t h e  sea for i n c i d e n t  s c a t t e r e d  r a d i a t i o n .  

TABLE 2 
.~ . .. ._ _.. 

9 ,  d e g r e e s  
. ~ . . .I - 0. 1;- 2.0- 1 4 0  I 60 I 80 

AS ' , mill ical /cm2a min] 234.7 i224-..2! 1 ~ 9 2 . 91140.0  1 9 5 .  g 
A D ,  m i l l i c a l / c m 2 ~min 9 . 2  9 .0  7 .9  8 . 7  9 . 0  

~.- .- __ - .  ... _ _  ... . 

The t o t a l  f l u x  Qir ( d i r e c t  s o l a r  + s c a t t e r e d  r a d i a t i o n )  i n  
t h e  near  i n f r a r e d  r e g i o n  e s s e n t i a l l y  depends upon t h e  atmosphere /46of  t h e  m a s s .  Th i s  dependence i s  r e p r e s e n t e d  i n  F i g .  2 .  The re- 
s u l t  of s p e c t r a l  c a l c u l a t i o n s  i s  d e s i g n a t e d  by s o l i d  l i n e s ,  and 
t h e  magnitudes o f  Qir c a l c u l a t e d  a c c o r d i n g  to t h e  approximat ion  
formula recommended i n  c I I . 2 1  are d e s i g n a t e d  by p o i n t s ,  c i r c l e s ,  
and c r o s s e s .  

Z,KM 

F i g .  1. Heat ing  o f  t h e  a i r  due t o  a b s o r p t i o n  o f  d i r e c t  s o l a r  r a d i a 
t i o n  i n  t h e  p r e s e n c e  of  l a y e r s  o f  water vapor .  1-3) e x p o n e n t i a l  
d e c r e a s e  o f  t h e  d e c r e a s e  of  water vapor  w i t h  a l t i t u d e :  1) m = 0 . 5  e m ,  
~ * = 0 . 2 ;  2 )  m v = 2 . 1  em, ~ * = 0 . 3 ;  3 )  =3.0  ~ * = 0 . 5 ;  4 )  pv=0.068.10-5 
g/cm3; 1O<z<11 km; 5 )  p v = 0 . 2 1 * 1 0 - ~ V g / c m ~ ,3<2<4 km; 6 )  pv=0.68*10-5
g/cm3, 1 < ~ < 2km; f o r  t h e  cu rves  4-6 T*=0.3.  

.. . 
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Fig .  2 .  Dependence of  t h e  t o t a l  
r a d i a t i o n  f l u x  i n  t h e  n e a r  i n f r a 
red  r e g i o n  upon t h e  a tmospher ic  
mass. 1) o p t i c a l  t h i c k n e s s  T*= 
=0.2;  Xo=0.55 1-1, con ten t  o f  water 
vapor mv=0.5 cm; 2) - r * = O . 3 ;  mv= 

3) q u a n t i t i e s  c a l c u l a t e d  acco rd ingcm; 3) m ~ " 3 . 0  cm; 
t o  approximat ion  formula ( 3 )  of  
r e f .  CII.21 i n  c a s e s  1, 2, 3,
r e s p e c t i v e l y .  

The methods developed make i t  p o s s i b l e  t o  c a l c u l a t e  t h e  d a i l y  
sums of absorbed s o l a r  r a d i a t i o n  i n  t h e  atmosph'ere i n  a c l e a r  sky
[31. The i s o p h o t e s  of  t h e  d i r e c t  s o l a r  r a d i a t i o n  absorbed d u r i n g
t h e  day  ( ca lo r i e s / cm2  d a y )  by seasons  a r e  g iven  i n  F ig .  3.  

The  c a l c u l a t i o n s  g iven  i n  r e f .  [5] demonst ra ted  t h a t  i n  t h e  
use of t h e  average v a l u e  of  t h e  cos ine  of t h e  z e n i t h  ang le  of t h e  
sun f o r  a g iven  c a l e n d a r  day  determined b y  t h e  e q u a l i t y  

'n 
cos t I i t>  - - 1:m == -1 j -d t  

we g e t  va lues  of a exceeding  t h e  magnitudes found b y  d i r e c t  
i n t e g r a t i o n  acco rd ing  t o  t h e  formula 

Here tn i s  t h e  t i m e  of noon; AS' [ w ,  m ,  ( t ) ]  i s  t h e  absorbed d i r e c t  
s o l a r  r a d i a t i o n  f o r  a tmospheric  mass m ( t ) .  The r a t i o  of t h e  
q u a n t i t i e s  G/Q f o r  v a r i o u s  v a l u e s  of  t h e  s u n ' s  d e c l i n a t i o n  6 and 
t h e  geograph ica l  l a t i t u d e  0 i s  g iven  i n  T a b l e  3 .  

From Table 3 i t  i s  appa ren t  t h a t  t h e  use  of  t h e  average  va lue  
of  c 0 s 6 ~l e a d s  t o  t h e  g r e a t e s t  d i s t o r t i o n  of  t h e  q u a n t i t y  Q i n  
w i n t e r  i n  t h e  h igh  l a t i t u d e s .  

The d i u r n a l  sums of absorbed d i r e c t  s o l a r  r a d i a t i o n  i n  t h e  
atmosphere of t h e  summer hemisphere amounts t o  about  one-quar te r  
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F i g .  3. 	 I s o l i n e s  of  d i u r n a l  sums of absorbed d i r e c t  s o l a r  radia
t i o n  (cal /cm2 d a y )  i n  t h e  atmosphere f o r  f o u r  seasons  
( d i s t r i b u t i o n  o f  water vapor p, t a k e n  from r e f .  [lo]). 

of  t h e  d i x - n a l  sums o f  t h e  d i r e c t  s o l a r  energy absorbed i n  t h e  en
t i r e  system c o n s i s t i n g  o f  t h e  e a r t h  and t h e  atmosphere;  t h e y  a r e  
comparable w i t h  t h e  d i u r n a l  sums o f  t h e  r a d i a t i o n  ba lance  of t h e  
t roposphe re .  
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In the winter hemisphere (in the spring and autumn) the absorp

tion of direct solar radiation in the atmosphere decreases rapidly

with an increase in latitude. 


Cloudy conditions. Consideration of cloud layers leads to the 

necessity of introducing a number of additional parameters: the 

thickness of the layer, altitude of its lower boundary, spectral

absorption and scattering factors, scattering indicatrices in the 

cloud, its optical thickness and others. In broken cloud cover we 

should consider also the quantity of clouds, on a scale of ten, 

and the structural parameters of the field of the clouds (for ex

ample, the distribution of the dimensions of the clouds and the 

distribution of the clouds throughout the sky). 


In a case of cirrus clouds with a given albedo of the upper

boundary of the clouds, the calculation of the flux and influx over 

the cloud is conducted in the same way as in a clear sky. In the 

calculation of these quantities under the cloud the following addi

tional parameters are considered: 1) the brightness of the lower 

boundary of the cloud, 2) the spectral albedo of the underlying

surface, 3) the optical thickness of the layer under the cloud,

4 )  the scattering indicatrix of the layer under the cloud, 5 )  the 
height of the lower boundary of the clouds, 6) the content of the /49 

water vapor in the layer under the cloud, 7) the distribution of 

water vapor in the layer under the cloud. 


In the definition of spectral fluxes in the layer under the 

cloud at an altitude z, the following components of scattered radi

ation were considered: radiation emitt d from the lower boundary

of the clouds, respectively the flux D+TO)(z), relected from the 

underlying surface, D+(')(z); scattered once downward, DS(')(z); 

reflected and scattered downward D+(*)(z); reflected and scattered 

upward, D+(*)(z). 


The total fluxes of descending and ascending radiation are 

equal to 


The influxes to the layer (z, zl) are calculated according to the 

formula 
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The i n t e g r a l  f l u x e s  and i n f l u x e s  are o b t a i n e d  by the  summation of 
t h e  cor responding  s p e c t r a l  q u a n t i t i e s .  

We w i l l  g i v e  c e r t a i n  r e s u l t s  of t he  c a l c u l a t i o n  o f  t h e  t r a n s 
f e r  o f  r a d i a t i o n  i n  a cloudy atmosphere.  

1. For t h e  b r i g h t n e s s  f a c t o r  of t h e  lower boundary of  t he  
c louds ,  t h e  f o l l o w i n g  formula i s  ob ta ined  C41: 

( ~ ( 6 , ~ . ( t ,  ~ ( ~ . ~ ( ~ [ ~ , l , ~ ~ . ~ ~ ) : ( l  i ( . l i l. 1 )  I . . - I ( ~ ~ I . ~ ~ I ) ~ I  

[ '1 . f-!- 0,s f (.'I) (3 - X I )  To]}, 
( 5 )  

where 

Here T~ i s  t h e  o p t i c a l  t h i c k n e s s  of  t h e  c louds ;  K1 i s  t h e  elonga
t i o n  o f  t h e  i n d i c a t r i x  [ 7 ] ;  A i s  t h e  a lbedo  of t h e  unde r ly ing  s u r 
f a c e ;  0 ,  0 )  i s  t h e  b r i g h t n e s s  O f  t h e  c loud  a t  t h e  z e n i t h ;  
tS0 i s  the  s p e c t r a l  t r a n s m i s s i o n  f u n c t i o n  of  t h e  c loud ,  t a k e n  from 

monograph C83. 

C a l c u l a t i o n s  acco rd ing  t o  t h i s  formula made i t  p o s s i b l e  to 
e s t a b l i s h  t h e  fo l lowing  f a c t s .  

With a growth of t h e  l e n g t h  of t h e  s c a t t e r i n g  i n d i c a t r i x  i n  
t h e  c loud  t h e  b r i g h t n e s s  of  t h e  lower boundary of  t h e  cloud i n 
c r e a s e s .  A t  low a lbedos  of t h e  unde r ly ing  s u r f a c e ,  a s t r o n g  de
c r e a s e  o f  t h e  lower boundary of  t h e  c louds  a t  t h e  h o r i z o n  2s  ob
se rved .  With a growth of  t h e  a lbedo  of  t h e  unde r ly ing  s u r f a c e ,  
t he  b r i g h t n e s s  of  t h e  lower boundary of  t h e  c louds  approaches t he  
b r i g h t n e s s  of an  o r t h o t r o p i c  s u r f a c e ,  % . e . ,  i t  does n o t  depend upon 
t h e  s i g h t i n g  a n g l e .  I n  c i r r u s  c loud  cover  f o g g i n e s s  of  t h e  l a y e r s
o u t s i d e  t h e  c loud  has l i t t l e  e f f e c t  on the  mangitude of  t h e  f l u x  of  
s o l a r  r a d i a t i o n  a r r i v i n g  a t  t h e  ea r th ' s  s u r f a c e .  

Cloud cover  has a n  a p p r e c i a b l e  e f f e c t  on the  d i s t r i b u t i o n  of t h e  
absorbed short-wave r a d i a t i o n  i n  t h e  atmosphere;  a q u a l i t a t i v e  p i c 
t u r e  of t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  i n f l u x  resembles  t h e  d i s - /50
t r i b u t i o n  i n  a c l e a r  sky i n  a case  of  a s h a r p l y  expres sed  l a y e r  of  
water vapor ( s e e  F ig .  1). However, t h e  r a d i a t i o n  absorbed by the  
c loud  exceeds t h e . r a d i a t i o n  absorbed by t h e  l a y e r  o f  water vapor ,
due t o  a n  i n c r e a s e  i n  t h e  beam p a t h  by m u l t i p l e  s c a t t e r i n g  i n s i d e  
t h e  cloud.  
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The r e f l e c t i o n  i n d i c a t r i x  of  t h e  c louds  has a s t r o n g  maximum 
i n  t h e  d i r e c t i o n  of m i r r o r  r e f l e c t i o n  (a sun t r a c k ) .  I n  r a d i a t i o n  
d e p a r t i n g  beyond the l i m i t s  of t he  atmosphere,  t h i s  maximum i s  
smootheridue t o  a b s o r p t i o n  and s c a t t e r i n g  by t he  layers  of t he  atmo
sphere  above t h e  clouds,  [ g ] .  

G Fig .  4 .  Dependence of  t h e  solar 
E r a d i a t i o n  absorbed i n  t he  atmo

(u sphere  upon t h e  z e n i t h  ang le  of 
t he  sun. 
1) c l o u d l e s s  atmosphere %=0.5 c m ,  
~*=0.2; 2) the  same, m,=2.1 cm, 
~*=0.3; 3) the  same, mv=3.0 cm, 
~*=0.5; 4 )  a u t h o r ' s  c a l c u l a t i o n ,  
S t  c louds ,  - r O = 3 O ,  z n m g = lk m ,  
Az=2 km,  s p e c t r a l  t r a n s m i s s i o n  
accord ing  t o  r e f .  [8];  5) accord
i n g  t o  [16] ,  Cu c l o u d s ,  ~ 0 = 2 0 ,

io  i o  6; L9o.s. z =1 km, Az=l km; c r o s s  i n d i c a t e s  
n - g

C i  c l o u d s ,  a lbedo  accord ing  t o  E121. 

Cloud cover  i n c r e a s e s  a b s o r p t i o n  i n  t h e  l a y e r  above t h e  c louds  
due to t he  s t r o n g  r e f l e c t i o n  of r a d i a t i o n  from the  c louds .  A s  a 
consequence of t h e  g r e a t  r e f l e c t i n g  c a p a b i l i t y  of t he  c louds ,  w e  
should  cons ide r  t h e  e f f e c t  upon non-or thot ropic  r e f l e c t i o n  of radi
a t i o n  i n  d i s t i n c t i o n  from t h e  case  of r e f l e c t i o n  of t h e  s e a  s u r f a c e  
d e s c r i b e d  above [SI. Absorpt ion of the  m i r r o r  component of s o l a r  
r a d i a t i o n  t u r n s  out t o  be c o n s i d e r a b l e  i n  h igh  geograph ica l  l a t i 
t u d e s ,  where t he  z e n i t h  a n g l e  of t h e  sun i s  g r e a t .  

The  g e n e r a l  concept  of t h e  dependence of t h e  s o l a r  r a d i a t i o n  
absorbed i n  t h e  atmosphere upon the  z e n i t h  a n g l e  o f  t h e  sun i s  
g iven  by F ig .  4 .  For low v a l u e s  of t h e  z e n i t h  a n g l e s  of t h e  sun 
i n  t h e  p resence  of c l o u d s ,  t he  s o l a r  r a d i a t i o n  absorbed exceeds 
t h e  average  a b s o r p t i o n  of a c l o u d l e s s  atmosphere by a f a c t o r  of  
1.2-1.5. A t  l a r g e  z e n i t h  a n g l e s  of  t h e  sun 9 >  6 0 ° )  i n  a cloudy
atmosphere,  less s o l a r  r a d i a t i o n  i s  absorbed t h a n  i n  a c l o u d l e s s  
atmosphere.  

C e r t a i n  data concern ing  the  absorp3ion of s o l a r  r a d i a t i o n  i n  
t h e  column o f  t h e  atmosphere,  i n  cal/cm min, are g iven  i n  Table  4. 
Here z

n * g  
i s  tihe a l t i t u d e  of t he  lower boundary of t h e  c louds ,  Az 

i s  t h e  t h i c k n e s s  of  t h e  cloud l a y e r .  I n  our  c a l c u l a t i o n s  the 
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s p e c t r a l  t r a n s m i s s i o n  f u n c t i o n  and t h e  a lbedo  f o r  S t  and A s  c louds  
were t a k e n  from monograph [8], and f o r  C i  c loud  from r e f s .  [11,12].  

TABLE 4 	 /-51 

.tions 

40" 0.193 0,204 0,192 0.1% 
60" 0,140 0,135 0,128 0,129 

I n  t h e  l a y e r  under  t h e  c loud  c o n s i d e r a b l y  l e s s  s o l a r  r a d i a t i o n  
i s  absorbed t h a n  i n  t h e  same l aye r  i n  a c l e a r  sky  (AQclear >. The 
r a t i o  of AQ cloud'AQclear i s  g iven  i n  T a b l e  5.  Here "cloud i s  ab

s o r p t i o n  i n  c louds  i n  t h e  l a y e r  i n d i c a t e d .  

TABLE 5 

60, degrees 

'c0 = 30, S t ,  1-3 km 

Layer  under c loud  0-1 k m  


T O  = 6, A s ,  2-3 k m  

Layer under  c loud  0-2 km 


T O  = 6 ,  C i ,  6-6.5 km 

Layer under  c loud  0-6 k m  


The r a d i a t i o n  absorbed i n  t he  layer under  t he  c loud  depends 
s l i g h t l y  upon t h e  a lbedo  o f  t h e  unde r ly ing  s u r f a c e ,  s i n c e  t h e  
c o n t r i b u t i o n  of r e f l e c t e d  r a d i a t i o n  t o  a b s o r p t i o n  under t h e  c louds  
i s  small. 

A more complex problem i s  t h e  c a l c u l a t i o n  o f  t he  f l u x  and i n 
f l u x  f o r  broken c loud  cover .  I n  t h i s  c a s e  w e  must determine t h e  
averaged v a l u e s  of t h e  f l u x  and i n f l u x  throughout  t h e  t e r r i t o r y .  
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I n  t he  work two c h a r a c t e r i s t i c s  of c loud cover  were used: 
r e l a t i v e  cloud cover n 

A 
determined by  means of p r o j e c t i n g  the  

c louds  onto  an  imaginary hemisphere, t he  c e n t e r  of which i s  an  
obse rve r  on the  ear th ' s  s u r f a c e ,  and t h e  a b s o l u t e  c loud cover  n o ,  
determined by means of p r o j e c t i n g  the  c louds  onto  a h o r i z o n t a l  
s u r f a c e .  The  f l u x  i s  c r e a t e d  by three components: d i r e c t  s o l a r  
r a d i a t i o n  S, r a d i a t i o n  Dn s c a t t e r e d  by t h e  c louds ,  and r a d i a t i o n  
D, s c a t t e r e d  by the  molecules  of a i r  and a e r o s o l s ,  and may be 
d e s c r i b e d  by the formula 

0 - S P ( 6 , ) . !  fiAD,,+(1 -$ )& 
( 7 )  

H e r e  P(8a)  i s  t h e  p r o b a b i l i t y  of a f r ee  l i n e  of v i s i b i l i t y  i n  the /52-
d i r e c t i o n  of t he  sun;  nA i s  t h e  averaged q u a n t i t y  of  t h e  r e l a t i v e  
cloud cover  throughout  t h e  t e r r i t o r y .  

W e  n o t e  t h a t  the  p r o b a b i l i t y  of a f r e e  l i n e  A of  v i s i b i l i t y
averaged throughout  t h e  t e r r i t o r i t y  i s  a s s o c i a t e d  w i t h  t h e  r e l a t i v e  
c loud  cover  b y  t h e  formula 

A = 1 - 1I' ( I U )  r z r r 7 .  
A.

2n 

The q u a n t i t i e s  and depend upon t h e  s t r u c t u r e  of t he  
cloud elements  ( i . e . ,  upon t h e  a l t i t u d e  and f requency  of t h e  d i s 
t r i b u t i o n  of t he  c louds  i n  s p a c e ) .  

The q u a n t i t y  of  c louds  determined from the  ea r th ' s  s u r f a c e  i s  
g r e a t e r  t h a n  t h e  q u a n t i t y  no determined from a s a t e l l i t e ,  s i n c e  t h e  

t e r r e s t r i a l  obse rve r  a l s o  s e e s  t h e  l a t e r a l  pa r t s  of t h e  c loud .  I n  
accordance w i t h  r e f .  [l3] t h e  v a l u e s  of t h e  a lbedo  of t he  s y s t e m
c o n s i s t i n g  of t h e  ear th  and the  atmosphere,  o b t a i n e d  acco rd ing  t o  
data from t h e  "Nimbus-11" s a t e l l i t e  i n  l a t i t u d e s  from 50' N t o  
40° S are smaller t h a n  t h e  magnitudes c a l c u l a t e d  acco rd ing  t o  t he  
c l i m a t i c  d a t a  concern ing  c loud  cover .  The estimates performed
demonst ra te - tha t  t h i s  d ivergence  i s  exp la ined  by the d i f f e r e n t  mag
n i t u d e s  of nA and no. With a c loud  cover  of 3-6 on a s c a l e  of  1 0 ,  
t h e  d ivergences  i n  the  v a l u e s  of n

A 
and no may r e a c h  2-3 [14,15]. 

The average  i n f l u x  i n  broken cloud cover  may be c a l c u l a t e d  
acco rd ing  t o  t h e  formula 

6 3  



where AQc(z, zl)  and AQ,(z, z l )  a r e  t h e  v e r t i c a l  d i s t r i b u t i o n s  of 
t h e  i n f l u x e s  i n  a c l e a r  sky and i n  a cloudy s k y .  
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ON THE CALCULATION O F  THE INTEGRAL FLUX AND INFLUX 
OF SOLAR R A D I A T I O N  

0.  	A .  Avaste ,  L. D .  Krasnokotskaya,
and Ye. M. Feygel ' son  

S i m p l i f i e d  methods of c a l c u l a t i n g  t h e  t o t a l  f l u x  Q of  s o l a r  
r a d i a t i o n  t o  t h e  e a r t h ' s  s u r f a c e  and t h e  i n f l u x  ABS of  d i r e c t  s o l a r  
r a d i a t i o n  t o  t h e  a tmospher ic  l a y e r s  are cons ide red  [l]. 

The e f f e c t  of t h e  t u r b i d i t y  o f  t h e  atmosphere and a b s o r p t i o n
of  s o l a r  r a d i a t i o n  by a tmospher ic  g a s e s  on the  f l u x  of s o l a r  radi
a t i o n  i s  i n v e s t i g a t e d .  The q u a n t i t i e s  Q and ABS are p r e s e n t e d  i n  
a form o f  approximation formulas  t h a t  are  convenient  f o r  c a l c u l a 
t i o n .  

Regions of  v i s u a l  r a d i a t i o n  ( 0 . 4  < X < 0.75  micron)  and i n f r a 
r e d  r a d i a t i o n  (0 .75  < X 2 3.0  microns)  a r e  cons ide red  s e p a r a t e l y .
The t o t a l  r a d i a t i o n  f l u x  i n  t he  v i s i b l e  r e g i o n ,  Qv,  may be expres sed  
b y  t h e  formula 

where I
0,v 

i s  the  ex t ra -a tmospher ic  i n t e n s i t y  of  s o l a r  r a d i a t i o n ,  
i n t e g r a t e d  throughout  t h e  v i s i b l e  r e g i o n  o f  t h e  spectrum; D f V  i s  
t h e  downflow of s c a t t e r e d  r a d i a t i o n ;  T~ i s  t h e  o p t i c a l  t h i c k n e s s  
i n  t h e  v i s i b l e  r e g i o n ,  s a t i s f y i n g  t h e  c o n d i t i o n s  T~ =: - c ( X 0 )  a t  

X O  = 0 . 5 5  micron [l]; 90 i s  t h e  z e n i t h  a n g l e  o f  t h e  sun. The  f l u x  /54-
of  d i r e c t  s o l a r  r a d i a t i o n ,  Sv [ the  f i r s t  t e r m  i n  t h e  r i g h t h a n d  par t  
o f  formula (l)] i s  easy  t o  c a l c u l a t e .  C a l c u l a t i o n  of t h e  f l u x  D f v  
o f  s c a t t e r e d  r a d i a t i o n  r e q u i r e d  numer i ca l  s o l u t i o n  of t he  t r a n s 
f e r  e q u a t i o n s  [l]. 

I n  Fig.  1 a q u i t e  weak dependence of Qv upon r ( h o )  i s  observed 
which i s  exp la ined  by t h e  o p p o s i t e  change of  the f l u x e s  Sv and DfV, 
w i t h  a growth of - r ( h 0 ) .  C a l c u l a t i o n s  a t  30' < oa < 7 5 O  demonst ra ted  
t ha t  Qv v a r i e s  by n o t  more t h a n  25% w i t h  a v a r i a t i o n  o f  T~ w i t h i n  
l i m i t s  of 0.2-0.6. The  curve  Qv i n  Fig.  1 may be approximated by 
the  f o l l o w i n g  formula,  proposed e a r l i e r  f o r  t he  e n t i r e  summary 
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Fig. 1. Dependence o f  t h e  d i r e c t  F i g .  2 .  Dependence of  t h e  
r a d i a t i o n  f l u x ,  sca t te red  radia- d i r e c t  r a d i a t i o n  of  f l u x ,
t i o n  f l u x ,  and t o t a l  r a d i a t i o n  sca t te red  r a d i a t i o n  f l u x ,
f l u x  i n  t he  v i s i b l e  range  as a and t o t a l  r a d i a t i o n  f l u x  of  
f u n c t i o n  of - r ( h 0 )  a t  90 = GOo. t h e - i n f r a r e d  range as a f u n c t i o n  
1) Sv; 2 )  D'L,; 3 )  Q,; I )  c a l c u l a - of . r ( A 0 )  a t  am = 60° .  

t i o n  of  Qv accord ing  t o  formula 1) Sir; 2 )  D+ir ;  3)  Q i r o  

(1); 11) c a l c u l a t i o n  of Q, accord
i n g  t o  ( 2 ) .  

r a d i a t i o n  ( 0 . 3  < h 5 microns)  [ 2 , 3 ] :  

I f  t he  parameter  ~ ( 9 ~ )i s  a s s i g n e d  i n  accordance w i t h  t h e  
t ab l e ,  formula ( 2 )  d e s c r i b e s  Q, a t  0 . 2  < T ( A ~ )  < 0 .6  w i t h  an  e r r o r  
l e s s  t h a n  5%. 

The r e s u l t s  o f  t h e  c a l c u l a t i o n s  of t he  d i r e c t  r a d i a t i o n  f l u x  
'ir, s c a t t e r e d  r a d i a t i o n  f l u x  D'Lir, and t o t a l  r a d i a t i o n  f l u x  Qir 
i n  t h e  n e a r  i n f r a r e d  r e g i o n  of  t h e  spec t rum 141 are p r e s e n t e d  i n  
F i g .  2 .  By comparing F i g s .  1 and 2 we may see t h a t  t h e  t o t a l  f l u x  
i n  t he  i n f r a r e d  r e g i o n  depends upon t h e  t u r b i d i t y  ( a i r  p o l l u t i o n )  
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more strongly than in the visible region. In this case the complex /55
-nature of the absorption spectra of the atmospheric gases make the 

calculation of Qir very laborious with respect to spectral data. 

The following approximation formula, obtained according to'data 
from spectral calculations [4 ] ,  is recommended: 

Here the parameter m is the atmospheric mass, and the parameter xo= 
= x at z = 0 is determined according to formula 

Z 

Here P (in mm Hg) is the atmospheric pressure, a(" Hg) and 
~ ( z )(g/cm3) are the partial pressure and the the density of the 
water vapor. 

According to data from numerous calculations, the error of 

formula (3) does not go beyond limits of 5%. 


The calculations have demonstrated that the magnitude of the 
total radiation, Q = Qv + Qir, varies by 10-30% as a function of 
I Y ~  with a variation of . r ( h 0 )  within limits of 0.2-0.6, and by 
5-15% in the variation of the total content of water vapor in the 

atmosphere within limits of 0.5-30 cm. 


Formula (2) at E z 0.1; T = T~ +-rir and Io = I0 ,v + '0,ir 
makes it possible to calculate Q = Qv + Qir with an error of the 
order of 15%. 


The influx of short-wave radiation to the layer ( z ~ - ~ ,z k >  
also may be described by the approximation formula C51: 

In formula (5) only the absorption of direct solar radiation is 

considered, in comparison with which absorption by scattering is 

small. 
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The e r r o r  o f  formula ( 5 )  does n o t  exceed 5%. 

The  u se  of the parameter xz i n  formulas  ( 3 )  and ( 5 )  makes i t  
p o s s i b l e  t o  c o n s i d e r  the e f f e c t  of t h e  v a r i a t i o n  of  p r e s s u r e  i n  
the p a t h  of  a sun beam i n  t he  atmosphere on i t s  a b s o r p t i o n .  T h i s  
g i v e s  a c e r t a i n  advantage  o v e r  t h e  formulas  of  Kas t rov  and Muegge-
Moel le r  [2,3], i n  which a b s o r p t i o n  of  s o l a r  r a d i a t i o n  i s  g iven  
on ly  as a f u n c t i o n  o f  t he  g e n e r a l  c o n t e n t  o f  water vapor  i n  t h e  
beam pa th .  

I n  conc lus ion  w e  n o t e  t ha t  t h e  separate estimates made of  t h e  
p o s s i b l e  changes of the f l u x  as a f u n c t i o n  of  t h e  v a r i a t i o n s  of  
t h e  t u r b i d i t y  and humidi ty  of  t h e  atmosphere p e r m i t t e d  by t h e  
c l i m a t i c  c o n d i t i o n s  demonst ra ted  t h e  la rger  r o l e  of  t he  f i r s t  of  
them. 

Empir ica l  formula ( 2 )  ve ry  a c c u r a t e l y  d e s c r i b e s  t h e  dependence
of t h e  t o t a l  r a d i a t i o n  upon the  t u r b i d i t y  of  t h e  atmosphere.  T h i s  
formula does n o t  c o n s i d e r  t h e  change i n  humidi ty ,  which i s  i n s i g n i f i c a n t  
a t  average v a l u e s  o f  t h e  l a t t e r .  Real o s c i l l a t i o n s  o f  humidi ty  
may go f a r  beyond t h e  l i m i t s  o f  t h e  ave rage  v a l u e s  cons ide red .  I n  /56t h e s e  c a s e s ,  f o r  c a l c u l a t i o n  o f  t he  f l u x e s  i t  i s  p r e f e r a b l e  t o  u se  
formulas  (1) and ( 3 )  a t  v a l u e s  of  t h e  f l u x e s  DJ.V, g iven  i n  [l]. 

Heat ing  of  t h e  atmosphere due t o  a b s o r p t i o n  of d i r e c t  s o l a r  
r a d i a t i o n  may be q u i t e  a c c u r a t e l y  and s i m p l y  c a l c u l a t e d  by means 
of  formula ( 5 ) .  
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REFLECTION, TRANSMISSION, AND ABSORPTION O F  R A D I A T I O N  

BY CLOUDS I N  THE ABSORPTION BANDS O F  WATER VAPOR 


L. D.  Krasnokotskaya and L.  M. Romanova 


The o p t i c a l  p r o p e r t i e s  o f  c louds  de te rmine  t h e  q u a n t i t y  o f  

r a d i a t i o n  a r r i v i n g  a t  t h e  s u r f a c e  of t h e  ea r th  and the  h e a t i n g  o f  

t h e  atmosphere by r a d i a n t  energy.  R e f l e c t i o n ,  t r a n s m i s s i o n ,  and 

a b s o r p t i o n  b y  c louds  depend upon t h e i r  a b s o l u t e  humidi ty ,  upon t h e  

dimensions of  t h e  d r o p l e t s ,  upon t h e  c o n t e n t  o f  water vapor  i n  t he  

c loud ,  and upon t h e  t h i c k n e s s  and l e v e l  o f  t h e  c loud  l a y e r .  


A survey o f  expe r imen ta l  data w i t h  r e s p e c t  t o  t h e  a lbedos  o f  

c louds  i s  con ta ined  i n  [l]. A survey  of  t h e  t h e o r e t i c a l  data ob

t a i n e d  by t h e  beg inn ing  of  t h e  1960's w i t h  r e s p e c t  t 'o t h e  o p t i c a l 

p r o p e r t i e s  o f  c louds  i s  g iven  [2]. To t h e s e  data should  be added 

t h e  c a l c u l a t i o n s  [3], based on numer ica l  s o l u t i o n  o f  t h e  t r a n s f e r  

e q u a t i o n ,  c a l c u l a t i o n s  by t h e  Monte-Carlo method [4,5], and ca lcu 

l a t i o n  o f  f l u x e s  from approximation t r a n s f e r  e q u a t i o n s  [SI. I n  

[7,8] are g iven  a n a l y t i c a l  e x p r e s s i o n s  f o r  c a l c u l a t i o n  of t h e  i n  

t e n s i t y  of  t h e  r a d i a t i o n  r e f l e c t e d  and t r m - " t t e d  b y  a t h i c k  

c loud  l a y e r .  


I n  [2-81 t h e  abso rb ing  p r o p e r t i e s  o f  a tmospher ic  gases  are 

d e s c r i b e d  by t h e  a b s o r p t i o n  f a c t o r  aAV. A c t u a l l y ,  f o r  f i n i t e  spec 


t r a l  i n t e r v a l s  o f .  Av t h e  t r a n s m i s s i o n  f u n c t i o n s  'Vav must be used,  
which depend upon the mass m of  t h e  abso rb ing  matter  i n  t he  beam 

p a t h .  I f  t h e  cloud i s  homogeneous, t h e n  t h i s  mass i s  p r o p o r t i o n a l  

t o  t h e  l e n g t h  R of  t h e  p a t h  i n  which t h e  a b s o r p t i o n  occur s .  There

f o r e ,  f o r  d e t e r m i n a t i o n  of  t h e  r a d i a t i o n  i n t e n s i t y  IAvi n  a homo

geneous c loud  i n  t he  a b s o r p t i o n  band w e  must know t h e  photon d i s  

t r i b u t i o n  J w i t h  r e s p e c t  t o  f r e e  pa ths  R caused by s c a t t e r i n g .  Upon

c o n d i t i o n  t h a t  i n  t h e  i n t e r v a l  A v  t h e  s c a t t e r i n g  p r o p e r t i e s  do n o t  

depend upon t h e  wavelength,  t h e  i n t e n s i t y  IAv i s  a s s o c i a t e d  w i t h  


t h e  q u a n t i t y  J by t h e  f o l l o w i n g  r e l a t i o n  [g,lO]: 


W 
l h 

l a v(To,0 ,  00) = 10, J ( h ,  %) @A, if'7)"* (1) 
0 

where A = 0 2 ;  o i s  t h e  s c a t t e r i n g  f a c t o r ;  Io,Avi s  t h e  i n t e n s i t y  
of  the  r a d i a t i o n  f a l l i n g  on to  t h e  upper  boundary of  t h e  c loud;  p
i s  the  d e n s i t y  o f  t h e  abso rb ing  subs t ance ;  -c0 i s  the  o p t i c a l t h i c k 
n e s s  of t h e  cloud;  w ,  wo are t h e  u n i t  v e c t o r s  i n  t he  d i r e c t i o n  o f  
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t he  p ropaga t ion  o f  t h e  s c a t t e r e d  r a d i a t i o n  and the  r a d i a t i o n  t h a t  

i s  i n c i d e n t  t o  the boundary of t he  c loud .  


The t r a n s f e r  e q u a t i o n  f o r  t h e  d i s t r i b u t i o n  w i t h  r e s p e c t  t o  

r u n s ,  and c e r t a i n  s o l u t i o n s  o f  i t  are con ta ined  i n  [SI-113. T h i s  

d i s t r i b u t i o n  may a l s o  be o b t a i n e d  by t h e  Monte-Carlo method [121 . 

Here f o r  c a l c u l a t i o n  o f  J w e  w i l l  u se  asymptot ic  formulas  o b t a i n e d  

i n  [13? for d i s t r i b u t i o n  w i t h  r e s p e c t  t o  f r e e  p a t h s  of photons r e f l e c 
t e d  and t r a n s m i t t e d  by t h e  l a y e r  of a t u r b i d  medium of  g r e a t  o p t i c a l
t h i c k n e s s .  The  r e s u l t s  o f  t h i s  work must be somewhat r e f i n e d :  t h e  
l i m i t s  o f  a p p l i c a b i l i t y  of  t h e  formulas  f o r  l a y e r s  of  f i n i t e  t h i c k 
n e s s  have a n  upper  boundary, s i n c e  a t  v a l u e s  of X g r e a t e r  t h a n  a 
c e r t a i n  va lue  A * ,  t he  method of  c a l c u l a t i o n  of t h e  i n t e g r a l s  i n  
[131 ceases  t o  work. A t  ra ther  l a r g e  v a l u e s  of  X [ 1 4 ]  t h e  d i s t r i b u 
t i o n  w i t h  r e s p e c t  t o  f ree  pa ths  has t h e  form o f  an e x p o n e n t i a l
f u n c t i o n .  For t h e  c a s e s  cons ide red  here ,  t h e  asymptot ic  formulas  [13] 
must b e  r e p l a c e d  by an  e x p o n e n t i a l  f u n c t i o n  a t  X - 200.  

I n  t h i s  work f l u x e s  of r e f l e c t e d  r a d i a t i o n  A ,  absorbed radia

t i o n  P ,  and t r a n s m i t t e d  r a d i a t i o n  T of  t h e  sun ,  as r e f l e c t e d ,  ab 

sorbed ,  or t r a n s m i t t e d  by s t r a t o f o r m  c l o u d s ,  i n  t h e  n e a r  i n f r a r e d  

r e g i o n  of  t h e  spectrum, were c a l c u l a t e d .  The  c a l c u l a t i o n s  were 

performed by means of g r a p h i c  i n t e g r a t i o n  of  t h e  f u n c t i o n  


X
J ( X ) Q  Av ( p  -), where p, i s  t h e  d e n s i t y  of water vapor .  Absorpt ionv u  
i n  d r o p l e t  wa te r  w a s  no t  cons ide red .  I n  t h e  c a l c u l a t i o n s ,  t r a n s 
miss ion  f u n c t i o n s  Av were used [l5], w i t h  subsequent p r o c e s s i n g  

C161. 


A homogeneous c loud  w i t h  an a b s o l u t e  humidi ty  p w  = 0 . 2  g / m  3 

was cons ide red ,  as w e l l  as a monodispersed s c a t t e r i n g  i n d i c a t r i x  -1 
corresponding  to p = 2 m / X  = 20  and a s c a t t e r i n g  f a c t o r  CT = 30 k m  . 
I n  t h e  de t e rmfna t ion  o f  t h e  dependence o f  OAv upon p r e s s u r e s  1161 
i t  was assumed t h a t  t h e  a l t i t u d e  of  t h e  lower boundary of t h e  
c loud  i s  equa l  t o  z 

n * g  
= 0 . 5  km. 

I n  Table 1 t h e  v a l u e s  of A ,  T ,  and II = 1 - A - T a r e  g iven
f o r  each  a b s o r p t i o n  band o f  water vapor i n  t h e  n e a r  i n f r a r e d  r eg ion -

/58 

of  t h e  spectrum a t  d i f f e r e n t  v a l u e s  of  t h e  o p t i c a l  t h i c k n e s s  T o  

o f  t h e  cloud l a y e r ,  and o f  t h e  d e n s i t y  p, of  wa te r  vapor .  I n  t h e  

f i rs t  column t h e  v a l u e s  o f  A and T are g iven  i n  t h e  absence of  ab 

s o r p t i o n .  


The e r r o r  o f  c a l c u l a t i o n  of  t h e  magnitudes of A and T due t o  

approximate i n t e g r a t i o n  acco rd ing  t o  formula (1) amounts t o  +3%.  
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-- 

-- 

The data i n  Tab le  1 have on ly  t e n t a t i v e  v a l u e ,  s i n c e  i n  t h e  

r e g i o n  0.7-3.57 microns t he  s c a t t e r i n g  i n d i c a t r i x  and t h e  most 

impor t an t  c h a r a c t e r i s t i c  f o r  t h i c k  layers-the average  c o s i n e  o f  

' the  s c a t t e r i n g  a n g l e  i n  the  d r o p l e t s  of water-vary cons ide rab ly .  


0.99 0.98 0.78 0.78 
- 0.04 0.22 0622- - 

0.81 0,81 0.79 0,79 0,66 0.65 0,53 0,71 
0.19 0,19 0.18 0.18 0,15 0,14 0.09 0.15 
- .- 0.03 0.03 0.19 0.21 0,38 0.14 

_. --~
0,77 0.77 0.75 0,75 0.64 0.63 0,51 0,68 
0.23 0,23 0.22, 0.22 0.19 0.18 0.12 0.20 
-  0.03 0.03 0.17 OJ9 0.37 0.i2 

PI.= 5 em-3 

A A" 0.81 0,81 0.81 0.79 0,77 0.55 0,3? 0,56 
30 TAW 0.19 0.19 0,19 0 ,I8 0,17 0.09 0,04 0,09 

nAv 
- - -- 0,03 0.06 0.36 0,57 0,35 

li_ 
~ 

I 

A Av 0,77 0,77 0.76 0.73 0.72 0,53 0.52 0.3'1. 0.54 
20 TA" 0.23 0,23 0.23 0.22 0.22 0,15 0.14 0.08 0.15 

- -ffAV 0.01 0.05 0,06 0.32 0.34 0.55 0.31 

From Table 1 it aPP ?en t h  l / v  2 1 micron t h e  

a lbedo i n  t h e  a b s o r p t i o n  bands of wa te r  vapor  i s  c l o s e  t o  t h e  

a lbedo  o u t s i d e  t h e  bands.  Absorpt ion here i s  s m a l l  and does n o t  

go beyond the  l i m i t s  o f  t h e  e r r o r  o f  c a l c u l a t i o n .  With a n  i n c r e a s e  

i n  t h e  wavelength t h e  a lbedo  d e c r e a s e s  w i t h  a cor responding  i n  

c r e a s e  of a b s o r p t i o n  i n  t h e  c loud  l a y e r .  With an  i n c r e a s e  i n  t h e  /59 

Yd e n s i t y  of t h e  water vapor  from 1 g / m 3  t o  5 g/m3 t h e  a b s o r p t i o n  a t  -
X 2 1 micron i n c r e a s e s  by  approximately 50%, and t h e  r e f l e c t i o n  de
c r e a s e s  by  18-30%. 
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I n  Table 2 t h e  v a l u e s  o f  t h e  a lbedo  Aint, t r a n s m i s s i o n  Tint, 


an-d a b s o r p t i o n  ]Tint i n t e g r a t e d  throughout  t h e  i n t e r v a l  o f  wave

l e n g t h s  of  0.7-3.6 microns are g iven .  


TABLE 2 


Tu 30 20 3u 2u 
-4 0.92 0,76 0,73 0.72 (),tis 

T 0.18 0,91 0,itj 0,23 
II 0,08 0,OG O,W 0,12 0.09 

A s  i s  appa ren t  from Table  2 ,  t h e  c loud  abso rbs  6-12% o f  t h e  

r a d i a t i o n  f a l l i n g  on i t s  upper  boundary. This  magnitude depends 

weakly upon t h e  o p t i c a l  t h i c k n e s s  o f  t h e  c loud .  
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EXPERIMENTAL I N V E S T I G A T I O N S  O F  FLUXES 

OF SOLAR R A D I A T I O N  I N  THE LOWER TROPOSPHERE 


I N  S t  AND Sc CLOUDS 


N.  I. Goysa and V. M. Shoshin 


The f i rs t  measurements o f  r a d i a t i o n  f l u x e s  i n  a cloudy atmo

sphe re  were performed by W. Aldr idge  and M. Luckeish [2]. S i m i l a r  

measurements were renewed on ly  30 years l a t e r ,  a t  f i rs t  by  M. 

Neiburger  [3] and t h e n  by Z .  F r i t z  [4]. I n  t h e  S o v i e t  Union the  

f i rs t  measurements o f  r a d i a t i o n  c h a r a c t e r i s t i c s  o f  c louds  were pe r  

formed by N .  I. C h e l ' t s o v  [SI, whose work up t o  t h i s  t i m e  has n o t  

l o s t  i t s  a c u t e n e s s  and v a l u e .  I n  subsequent  years s e v e r a l  works 
appeared [6-111 devoted  t o  t h i s  problem. However, bo th  w i t h  re
s p e c t  t o  volume and completeness  o f  material and w i t h  r e s p e c t  t o  
methodology t h e y ,  a t  bes t ,  were on ly  a r e p e t i t i o n  o f  t h e  work of  
N. I. C h e l ' t s o v  mentioned above. 


I n  1963 expe r imen ta l  i n v e s t i g a t i o n s  o f  t he  r a d i a t i o n  proper  

t i e s  o f  c louds  were begun i n  t h e  Ukr.  N I G M I .  


The b a s i c  p r i n c i p l e s  of  t h e  methodology of  t h e  measurement o f  

r a d i a t i o n  f l u x e s  i n  a cloudy atmosphere were developed by V. G .  

Kast rov  [12]. The methodology o f  t h e  measurements b e i n g  d e s c r i b e d  

i s  exp la ined  i n  d e t a i l  i n  [13]. Together  w i t h  r a d i a t i o n  f l u x e s ,  

t h e  a b s o l u t e  humidi ty  of t h e  c louds ,  t empera tu re ,  r e l a t i v e  humidi ty 

and the  p r e s s u r e  of  t h e  a i r  were a l s o  de te rmined ,  v i s u a l  observa 

t i o n s  were made of  t h e  s t a t e  of t h e  c loud  cover .  Fo r  s i x  y e a r s 

c o n s i d e r a b l e  expe r imen ta l  material  w a s  accumulated,  t h e  g e n e r a l i  

z a t i o n  o f  which was p a r t i a l l y  performed i n  114-171. 


We w i l l  f i r s t  d i s c u s s  t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  of  t h e  
c loud  l a y e r  as a whole. The main problem i s  t o  ascertain t h e  
dependence of t he  r a d i a t i o n  c h a r a c t e r i s t i c s  o f  t h e  cloud (a lbedo  
*k ' t r a n s m i s s i v i t y  w and a b s o r p t i o n  c a p a b i l i t y  b )  upon i t s  i n i t i a l  
pa rame te r s :  t h e  t h i c k n e s s  H = z 

vag 
- z  n .g .  and t h e  water supply  

m
W' 

and a l s o  upon t h e  a l t i t u d e  of  t h e  sun  ha. 

The problem i n d i c a t e d  was cons ide red  i n  [l,3-ll]. However, /61
t he re  was inadequa te  expe r imen ta l  material conce rn ing  t h e  radia
t i o n  p r o p e r t i e s  o f  c loud  cover .  C e r t a i n  q u a n t i t a t i v e  r e l a t i o n s h i p s
such as,  f o r  example, t h e  dependence o f  t h e  r a d i a t i o n  c h a r a c t e r i s 
t i c s  upon t h e  water r e s e r v e  i n  t h e  cloud and t h e  alti&wde of t h e  
sun were no t  cons ide red  i n  t h e  works i n d i c a t e d ,  w i t h  t he  e x c e p t i o n
of [lo]. 
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The methodology o f  t h e  p r o c e s s i n g  o f  materials of  measurements 
a l s o  r e q u i r e s  r e f inemen t .  S ince  a c loud ,  f o r  short-wave r a d i a t i o n ,  
i s  a semi- t ransparent  medium, a t  t h e  magnitudes o f  A k , @  , and b y  

ob ta ined  as r a t i o s  


t h e  r a d i a t i o n  r e f l e c t e d  from t h e  ea r th ' s  s u r f a c e  must have a n  ap

p r e c i a b l e  e f f e c t .  T h i s  c i rcumstance ,  a l though  it was noted  i n  a 

number of  works [3,5,8],  w a s  n o t  cons ide red .  Therefore ,  t h e  mag 

n i t u d e s  o f  Ak a n d @  g iven  i n  a l l  t h e  works c i t e d  above r e fe r ,  

n a t u r a l l y ,  n o t  t o  t he  cloud i t s e l f  b u t  t o  t h e  system c o n s i s t i n g 

of  t h e  c loud ,  t h e  l a y e r  under  t h e  c loud ,  and t h e  e a r t h ' s  s u r f a c e .  

T h i s  c i rcumstance ,  a t  l a r g e  d i f f e r e n c e s  i n  a lbedo  AZ of  t h e  


ear th ' s  s u r f a c ? ,  may cause  an  e s s e n t i a l  d e t e r i o r a t i o n  i n  t h e  com

p a r a b i l i t y  of  t h e  r e s u l t s  ob ta ined .  


I n  re fs .  [ l3 ,18 ]  a somewhat d i f f e r e n t  method o f  p r o c e s s i n g
t h e  r e s u l t s  of  t he  measurements w a s  proposed,  and i n  C14-163 i t  
w a s  a p p l i e d .  I t s  e s sence  l i e s  i n  t h e  t r a n s i t i o n  from t h e  magni
t u d e s  o f  Ak and @ determined  from r a t i o s  (1) t o  t h e i r  " t r u e "  v a l u e s* 
Ak and a*,  r e f l e c t i n g  on ly  the  p r o p e r t i e s  o f  t h e  g iven  c loud .  Such 
a t r a n s i t i o n  i s  accomplished b y  means of r e d u c i n g  t h e  magnitudes
of A a n d @  corresponding  t o  d e f i n i t e  v a l u e s  of  AZ t o  A Z  = 0 by 
means of t h e  f o l l o w i n g  formulas C131: 


I n  analogy w i t h  t h e  " t r u e "  magnitudes of  A$ and Q *  w e  may 
i n t r o d u c e  t h e  concept  of t h e  " t r u e "  a b s o r p t i o n  c a p a b i l i t y  b*, 
which may be  de te rmined  from t h e  r e l a t i o n  

A$ + @ *+ b* = 1. ( 3 )  

However, as w a s  demonstrated i n  [14,17] and as fo l lows  from 

[3,19] t h e  q u a n t i t i e s  b and b* are p r a c t i c a l l y  independent  o f  such  

parameters  o f  the  c loud  as H and mw, and t h e r e f o r e  t h e y  cannot  be 

used as c h a r a c t e r i s t i c s  of  t h e  a b s o r p t i o n  c a p a b i l i t y .  A t  

t h i s  f i r s t  g l a n c e p a r a d o x i c a l  c i rcumstance  i s  exp la ined  by t h e  
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f a c t  t h a t  t h e  r a d i a t i o n  ABk absorbed by the  c loud  i s  n o t  determined 
s o  much by t h e  f l u x  Q 

( 2v.g. >'as by t h e  r a d i a t i o n  Qinp. The 

l a t t e r ,  w i t h  a n  unchanged magnitude of  Q 
(ZV 1' d e c r e a s e s  w i t h  a 1 6 2-

growth of  H and mvJ [14] i n  connec t ion  w i t h  tge i n c r e a s e  i n  A; and 
t h e  d e c r e a s e  i n  @*. I n  t h i s  c a s e  t h e  q u a n t i t y  ABk e i t h e r  does n o t  
change or even d e c r e a s e s .  I n  connec t ion  w i t h  what was exp la ined
above, f o r  t h e  c h a r a c t e r i s t i c s  of  t h e  a b s o r p t i o n  c a p a b i l i t y  o f  t h e  
c loud  i t  i s  proposed t o  use  t h e  r a t i o  bef = ABk/Qinp, which may 

be c a l l e d  t h e  e f f e c t i v e  a b s o r p t i o n  c a p a b i l i t y .  The q u a n t i t y  Qinp 

i s  determined acco rd ing  t o  t h e  formula [14]: 

I n  analogy w i t h  t h e  concept  of  t h e  " t r u e "  a lbedo  and t r a n s m i s s i o n  

c a p a b i l i t y  o f  t h e  c loud  w e  ma.y i n t r o d u c e  t h e  concept  of  t h e  " t r u e "  

e f f e c t i v e  a b s o r p t i o n  c a p a b i l i t y  bg f .  
 It i s  easy  t o  demonst ra te  

t h a t  t h e  q u a n t i t y  bgf may be determined by means of  t h e  f o l l o w i n g
equa t ion  : 

I n  Tab le  1 t h e  average  v a l u e s  o f  t h e  b a s i c  parameters of St 

and Sc c louds  are p r e s e n t e d ,  and a l s o  t he  v a l u e s  of  t h e  q u a n t i t i e s 

c h a r a c t e r i z i n g  t h e i r  r a d i a t i o n  p r o p e r t i e s .  


Aside from t h e  parameters A:, a * ,  b ,  and bef d e s c r i b e d  above, 
h e r e  t h e  average  v a l u e s  o f  t h e  r a t e  of  r a d i a t i o n  h e a t i n g  due t o  

short-wave r a d i a t i o n  B k  and long-wave r a d i a t i o n  8d and t h e i r  sum 

0 are p r e s e n t e d .  These q u a n t i t i e s ,  l i k e  t h e  o t h e r s  g iven  below, 
were ob ta ined  on t h e  basis of  d a t a  from 1 1 2  soundings of  S t  and Sc.  
The sounding was performed p r i m a r i l y  i n  t h e  v i c i n i t y  o f  t h e  exper
i m e n t a l  t e s t  area o f  t h e  Ukr. N I G M I  (Krivoy Rog). Some f l i g h t s  
were made ove r  t h e  a i r p o r t s  of  Khar'kov, V i n n i t s a ,  Kiev, Odessa, 
Kirovograd, and,Donetsk.  

From' T a b l e  1 i t  i s  appa ren t  t h a t  t h e  forms o f  t he  c louds  b e i n g 

i n v e s t i g a t e d  d i f f e r  n o t i c e a b l y  w i t h  r e s p e c t  t o  t h e i r  parameters  

( t h e  t h i c k n e s s ,  t h e  p o s i t i o n  of  t h e  upper  boundary, and water 

r e s e r v e  supp$y) .  
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TABLE 2 

Thickne ss 
A * ,  % 

“11 km-l kP* H kp, H lip, 

m av, max. min . “1 km-1 km-1 

C9O-li0 
110-13u 

3 . 2  
36.8 

5; ,fi 
4u , ( I  

3 1  ,G 
31,8 

d3 ,o 
Xi ,5 

75 .Y 
59.5 

4.85 
4.92 

3.70 
3.70 

I ,I5 
1-42 

0.95 
0.91 

0 ,GO 
U,G7 

130- 160 43.8 77,4 60.2 49,5 5!1*5 5.OO 3 $80 1.20 U ,89 0.48 
170-2U0 5i .6 fiu ,8 37.6 3898 46.2 5,lO 3 8 9 0  1.20 0 $8 0,55 
200-250 
250-300 

59 ,O 
66.2 

73,4 
83.6 

41 ,O 
(io ,2 

32 ,O 
27 ,o 

53.4 
44.8 

5-07 
4.78 

3.95 
3.91 

1.12 
0.87 

0.88 
0.90 

0.45 
0.30 

300-350 71.2 8882 48.4 “3,4  43 ,o 4.44 3.78 0,GG 0.88 0.17 
350-400 73.6 82 *4 63.4 21 ,o 34.8 4 .I1 3.58 0 3 3  0.83 0.15 
400- N u  76,4 MO .6 64.8 18,1 45.4 3 -72 3.19 U.53 0.76 0.13 
500- GOO 79 .o 85 ,O l jG .‘I I5 ,ti 27 .G 3.33 2.82 0,51 0.b7 0-10 
(iOO-ilx) 8i-J.G 93 ,fi 52 .o 14 .o 38.4 2,05 2$2 0‘43 0.60 o ,m 
700-!wo 82 .I HR ,4 62.2 12.4 3b.D 3.35 2,w (1j5 0,50 0.07 
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T h i s ,  i n  t u r n ,  s e r v e d  as the  cause of  t h e  d i f f e r e n c e s  i n  

t h e  r a d i a t i o n  c h a r a c t e r i s t i c s ,  and a l s o  i n  the  rate o f  r a d i a t i o n  

h e a t i n g .  


I n  F ig .  1 t h e  dependence o f  t he  q u a n t i t i e s  A$ and @ *  upon t h e  
water r e s e r v e  i n  the c loud  i s  p r e s e n t e d ,  and i n  T a b l e  2 ,  t h e i r  de

pendence upon t h e  t h i c k n e s s  o f  t he  c loud  l a y e r .  It i s  appa ren t  

t h a t  t he  r a d i a t i o n  c h a r a c t e r i s t i c s  of t h e  c loud  undergo s t r o n g 

v a r i a t i o n s  a t  s m a l l  v a l u e s  of  mw ( l e s s  t h a n  50 g/m2) and H ( l e s s  


t h a n  300 m ) .  A f u r t h e r  growth of t h e s e  parameters  l e a d s  t o  a 
r e l a t i v e l y  s m a l l  v a r i a t i o n  of  A; and a * .  We should  n o t e  t h a t  t h e  

dependences cons ide red  are g iven  wi thout  c o n s i d e r a t i o n  o f  t h e  ef
f e c t  of t h e  a l t i t u d e  o f  t h e  sun ,  which v a r i e d  from c a s e  t o  c a s e  
w i t h i n  l i m i t s  o f  6-52O a t  an  average  v a l u e  of  25'. The dependence 
of A: and a *  upon t h e  average  s p e c i f i c  humidi ty  w o f  t he  c loud  
t u r n e d  o u t  t o  b e  analogous t o  t h e i r  dependence upon mw. 


tun.
---I + -7 

. 1 

.-/ i 
d! 4 0 f R i +  + - + 0 7  
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Fig .  1. Dependence of  t h e  " t r u e "  magnitudes of t h e  a lbedo  and t h e  

t r a n s m i s s i o n  of  c i r r u s  and c i r rocumulus  c louds  upon t h e i r  

water  r e s e r v e .  
1 and 3- exper imenta l  p o i n t s ;  2 and 4- moving ave rages  
from f i v e  c a s e s ;  5- curve c o n s t r u c t e d  acco rd ing  t o  exper
i m e h t a l  data;  6- t h e  same, acco rd ing  t o  formulas  ( 1 2 ) .  
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It i s  i n t e r e s t i n g  t o  e s t a b l i s h  t h e  a n a l y t i c a l  connec t ion  of  /65
t he  r a d i a t i o n  c h a r a c t e r i s t i c s  w i t h  t h e  parameters  of t he  c loud .  
I n  c e r t a i n  works [8,18], i t  i s  assumed t h a t  t h e  t r a n s m i s s i o n  func
t i o n  (3 depends e x p o n e n t i a l l y  upon t h e  o p t i c a l  t h i c k n e s s  T~ o f  t h e  

c loud ,  If i n  t h i s  c a s e  we assume t h a t  -r0 = a * H ,  where 0 i s  t h e  
s c a t t e r i n g  f a c t o r ,  w e  should  expec t  an e x p o n e n t i a l  dependence of  
A{ and @ *upon H .  

I n  Tab le  2 a r e  g iven  t h e  s c a t t e r i n g  f a c t o r s  0 ,  a t t e n t u a t i o n  
f a c t o r s  k ,  and a b s o r p t i o n  f a c t o r s  k

P '  
k '

P '  
and k" c a l c u l a t e d  ac-

P '
co rd ing  t o  formulas :  

I n  Tab le  2 t h e  dependence of  t h e  " t r u e "  magnitudes of t h e  albe 

do, r e l a t i v e  t r a n s m i s s i o n ,  and a t t e n t u a t i o n  f a c t o r  k ,  s c a t t e r i n g 

f a c t o r  0 ,  and a b s o r p t i o n  f a c t o r s  k

P '  
k 'P '  and k" of short-wave radi-P 

a t i o n  of s t r a t o f o r m  c louds  upon t h e i r  t h i c k n e s s  i s  p r e s e n t e d .  From 
Table 2 i t  fo l lows  t h a t  CJ and k s t r o n g l y  depend upon H .  T h i s  t e s t i 
f i e s  t o  t h e  u n f i t n e s s  of  a l i n e a r  connec t ion  between T 0 and H f o r  
r e a l  c louds ,  which i s  a l s o  confirmed b y  e a r l i e r  i n v e s t i g a t i o n s .
T h e  dependence of A; and $ *  upon H may a l s o  b e  expres sed  b y  t h e  
formulas  : 

1 

However, i n  these formulas  t h e  c o e f f i c i e n t s  a ,  a ' ,  b ,  and b '  a l s o  
depend upon H, a l t h o u g h  l e s s  s o  t h a n  0 and k.  The v a l u e s  o f  t he  
parameters  i n  formula (11) f o r  v a r i o u s  t h i c k n e s s e s  are g iven  i n  
C171. 
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The connec t ion  of the  magnitudes of  A; and q w i t h  t h e  water 
r e s e r v e  w o f  t h e  c loud  may b e  p r e s e n t e d  i n  t h e  form 
m 


A s  i s  appa ren t  from F i g .  1, t h e  cu rves  c o n s t r u c t e d  a c c o r d i n g  

t o  formulas  ( 1 2 )  agree e n t i r e l y  s a t i s f a c t o r i l y  w i t h  t h e  data from 

t h e  measurements. 


A comparison of  t h e  data o b t a i n e d  conce rn ing  t h e  dependence
of  A$ and @ *upon H w i t h  data from o t h e r  a u t h o r s  [3,5. ,8,9,18] w a s  
performed i n  [ 1 4 ] .  A s a t i s f a c t o r y  agreement i s  observed w i t h i n  

t h e  l i m i t s  of  accuracy  o f  measurements and  t h e  s p a t i a l  v a r i a b i l i t y 

of t h e  o b j e c t  b e i n g  i n v e s t i g a t e d .  We should  on ly  n o t e  t h a t  i n  

o p p o s i t i o n  t o  [5 ]  w e  d i d  n o t  succeed i n  o b s e r v i n g  a s y s t e m a t i c 

dependence o f  t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  o f  S t  and Sc upon t h e  

paramete r s  o f  t hese  c l o u d s ,  H and mw. 


One of  t h e  f a c t o r s  a f f e c t i n g  a *  and A: i s  t h e  a l t i t u d e  o f  t h e  /66 
sun ,  ha. I n  s p i t e  o f  .the compara t ive ly  s m a l l  volume o f  materials 

from measurements, w e  succeeded i n  e s t i m a t i n g  t h i s  dependence t e n 
t a t i v e l y  (Tab le  3 ) .  For  c louds  o f  s m a l l  t h i c k n e s s  ( H  z 200  m a t  
hg 2 10") t h e  v a r i a t i o n  of t he  a lbedo  o f  t h e  upper  boundary, 
AA/Ah  amounts t o  0.4% p e r  degree. With an  i n c r e a s e  i n  H,  t h i s  e f 
f e c t  a t t e n u a t e s  and f o r  t h i c k  c louds  A A / A h  = -0.15% p e r  deg ree .
I n  t h i s  case  t h e  r e l a t i v e  t r a n s m i s s i o n  d e c r e a s e s  by approximate ly  
t h e  same magnitude (a somewhat l e s se r  magni tude) .  


I n  r e f .  E171 a t e n t a t i v e  es t imate  i s  g iven  o f  t h e  dependence 

of  t h e  s c a t t e r i n g  f a c t o r  and a t t e n t u a t i o n  f a c t o r  upon t h e  a l t i t u d e  

of  t h e  sun .  It t u r n e d  ou t  t h a t  t h i s  dependence i s  c l o s e  t o  l i n e a r .  


The expe r imen ta l  data were compared w i t h  t h e  c a l c u l a t i o n s  o f  /67
Ye. M. Feygel ' son  [l], a c c o r d i n g  t o  whom t h e  a l b e d o  o f  S t  and Sc 
o f  average  t h i c k n e s s  (about  400  m )  a t  h =: 40° i s  e q u a l ,  r e spec 
t i v e l y ,  t o  6 3  and 72%.  I n  t h i s  c a s e  A A Y A h  = -0.25% p e r  degree  a n d  
-0 .20% p e r  degree .  The numbers i n d i c a t e d  are c l o s e  t o  our  data.  


According t o  t h e  data i n  T a b l e  3, w e  may judge  t h e  dependence 

of  t h e  q u a n t i t i e s  b* and bEf upon H and ha.  It i s  appa ren t  t h a t  


b* i s  a lmost  independent  of H and hg, w h i l e  f o r  bzf  t h i s  dependence 


a 4  




-- 

-- ---------- 
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TABLE 3 

________ -_. _-- . - - - _--..-----.-

Thick& I A l t i t u d e  of sun ,  degrees  
--. 

..--._..-.---I.. 

43 ,5 48,8 53.2 5G,0 
52 @4 47,O 43.6 41.o 
4 8 1  4,2 3 9  3 .o 
8.6 8.0 5.7 5 .I 
-~ 

o *  23.2 27 .8 31,o 34 *5 37.2 

260 
b *  4 .8 5 *2 6 ,2 .3 5,8 
Cf 17,2_- 15,7 16.6 15,4 13.5 

@ ' *  18.5 19.8 22,3 23.8 25.6 

350 A *  
b *  

75,5 
6 g o  

73.2 
7 .o 

70,8 
6 89 

68.8 
7.4 

67.4 
7 ,o 

A *  72 .O 67 .O G2.8 59.2 57,o 

b; 24.5 26 .I 23.6 23.7 21,5 

@ *  11,s 12.5 14.0 15.7 17.0 

610 
b *  4.9 6.3 6.3 6 ,i 6 .0 
b k  29.8 33.4 31,O 27 (9 26 .O 

-. . .-. 

10.0 11,o 11.7 12,3 13 .O 

900 85.6 83.2 82 .O 81 .O 80,o 
4.4 5.8 G3. 6.7 7 a 0  

30.5 34.5 35 ,O 35.2 35 ,o 

A *  83.6 81.2 79.7 78.2 77 ,o 

i s  e s s e n t i a l .  From t h i s  i t  fo l lows  t h a t  t h e  r e a l  v a r i a t i o n s  o f  

t h e  a b s o r p t i o n  c a p a b i l i t y  of t h e  clouds may be c h a r a c t e r i z e d  only 

b y  t h e  q u a n t i t i e s  bef and bEf.  


I n  F ig .  2 t h e  dependence o f  bef upon mW 
and H i s  p r e s e n t e d ,  


c o n s t r u c t e d  on t h e  basis of data from d i r e c t  measurements. I n  s p i t e
of t h e  s t r o n g  s c a t t e r i n g  of  t h e  p o i n t s ,  t h e  dependence i s  e n t i r e l y
c l e a r ,  e s p e c i a l l y  i f  we c o n s i d e r  t h e  averaged data. According t o  
t h e  s c a t t e r i n g  of t h e  p o i n t s ,  t h e  accuracy  of t h e  d e t e r m i n a t i o n  of 
t h e  r a d i a t i o n  i n f l u x  of h e a t  t o  t h e  cloud layer due t o  short-wave 
r a d i a t i o n  was t e n t a t i v e l y  e s t i m a t e d .  The mean square  e r r o r  t u r n e d  
out  t o  be e q u a l  t o  47% L141 .  
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TABLE 4 
_ _  - -

I A l t i t u d e  I of  sun, degrees
- -

:w 1 411 I 50 I fa 

0,870 1.OY) 
11*N!H i 1 *IlH() 
l1,!Il!l 1,I I O  
0,950 1,145 
0.989 1,185 
1,0:31 1,225 
I JIM: 1 * 2 M  
I,lIIl I ,2!l% 

TABLE 5 


0 ,I I1'3 

0,22  
-

0,1124 

0.19 

0.033 0,079 

0,19 0.46 
~ 

I J  ,031 0.076 

0.14  0.34 
-__ 

0.0:10 0.046 0,058 O*O(i8 

0.10 0,15 0.19 0-23 
-~~ 

0,027 0.046 0,064 0.079 

0 ,06 0,lO 0.14 0.18 
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Fig .  2 .  	 Dependence o f  the  e f f e c t i v e  a b s o r p t i o n  c a p a b i l i t y  of  

c i r r u s  and c i r rocumulus  c louds  upon t h e i r  w a t e r  r e s e r v e  

and t h i c k n e s s .  

1- exper imen ta l  p o i n t s ;  2- averages  from f i v e  c a s e s ; 

3- curve  c o n s t r u c t e d . a c c o r d i n g  t o  expe r imen ta l  data;

4- the- same, a c c o r d i n g  t o  formula (13) .  


The dependence of  t he  a b s o r p t i o n  f a c t o r  kP ,mw (kP ,mw i s  the 


a b s o r p t i o n  f a c t o r  c a l c u l a t e d  p e r  u n i t  of water r e s e r v e  mw) and t h e  


e f f e c t i v e  a b s o r p t i o n  c a p a b i l i t y  bef upon t h e  water supply  i n  the 

c loud ,  i n  agreement w i t h  F i g .  2 ,  may be p r e s e n t e d  by  t h e  f o l l o w i n g
formulas  : 

It i s  i n t e r e s t i n g  t o  n o t e  tha t  i n  t h i s  c a s e  


lip.% -x.,",,, - &,I 11'' 

where kmw and 0mw were o b t a i n e d  from formulas  ( 1 2 ) .  

I f  w e  know t h e  magnitude of b*, w e  may de termine  t h e  r a d i a t i o n  

i n f l u x  of heat t o  t h e  c loud  l a y e r  due t o  short-wave r a d i a t i o n .  For  


-169 



t h i s  w e  need in fo rma t ion  concerning t h e  r a d i a t i o n  a r r i v i n g  a t  the 

uDDer boundary of the c loud ,  as p r e s e n t e d  i n  Tab le  4 .  T h i s  t a b l e  

c o n t a i n s  t he  averaged data from measurements o f  t h e  f l u x e s  

Q, i n  cal/cm2 min, i n  a c l e a r  sky  over  an a i r c r a f t ,  and t h e  q u a n t i - /'7

t i e s  cor responding  t o  z = 0 ,  t aken  acco rd ing  t o  o b s e r v a t i o n s  at, 
Kiev i n  1962-1964. Assuming t h a t  on t h e  average  t h e  upper boundary
of t he  clouds i s  l o c a t e d  a t  a l e v e l  of  1 k m  and u s i n g  t h e  data from 
Tables  3 and 4 ,  i t  i s  easy  t o  de te rmine  the  r a d i a t i o n  absorbed by 
c louds  of  d i f f e r e n t  t h i c k n e s s  H and t h e  cor responding  r a t e  e *k of 
r a d i a t i o n  h e a t i n g  as a f u n c t i o n  of ha. T k s e  q u a n t i t i e s  a r e  pre 

s e n t e d  i n  T a b l e  5.  


TABLE 6 


. . . . .. -
L a t i  Thickness ,  m 
tudce Month 1i 5  ,750 450 I 6lOde@ 


Oct.  I .s I .2 0.8
Nov. 0 .x 11.5 u ,.-I
Dec. 0.5 (1.3 0,2 

55 	 Jan .  u .ti 0,4 0.2 
Feb. 1.3 0.8 II .t; 
March 2 .li 1.7 1.2 
A p r i l  3.6 2.6 1.7 

. .  

Oct.  1.o
Nov . 0.5
Dec. 0.3 

50 	 Jan .  u.4 
Feb. 0*8
March I.3 
A p r i l  1d -
Oct. 
Nov. 
Dec. 

1.2 
0,7 
0.5 

45 Jan .  0.6 
Feb. 1.o 
March 1.5 
A p r i l  2 .O 

a a  




One of the shortcomings of the majorityof the work 
previously performed [lo, 13, 17, and others] is the fact 
that in them information concerning the radiation heating of 
the clouds is given for individual moments of time. For many
problems in the physics of the atmosphere, such data are 
needed for definite intervals of time (day, 24-hour period,
etc.). Since AB; and �I{,as follows from Table 5, essentially 
depend upon ho,  the fragmentary information concerning these 


quantities given in the works indicated above describes the 

process of radiation heating of the cloud inadequately comp

letely. The dependence of AB! upon ho obtained can be used 


for determining the influx of radiation heat to the cloud in 

a 24-hour period, and then for calculating the diurnal magni

tude of radiation heating. In Table 6 these quantities are 

given in degrees per 24 hour period for single-layer St and 

Sc clouds of various thickness in the cold season of the year.

The data from this table are tentative. In spite of this,

they can be used to judge the heating of low stratoform clouds 

by the sun in the cold season of the year in various geograph

ical regions. 
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AVERAGE VERTICAL STRUCTURE O F  THE FIELD O F  

SHORT-WAVE R A D I A T I O N  I N  STRATOFORM St AND SC CLOUD COVER 


N. I. Goysa and V. M. Shoshin 


Analys i s  of  t h e  material  of r a d i a t i o n  measurements demonst ra tes  

that  even i n  the  s imples t  c a s e s  of one- layer  c louds  t h e  r a d i a t i o n  

f i e l d  i s  v a r i a b l e  t o  a c o n s i d e r a b l e  deg ree ,  e s p e c i a l l y  w i t h i n  t he  

c loud  l a y e r .  I n  t h i s  c a s e ,  random e r r o r s  of  measurement are super  

imposed upon the  t r u e  v e r t i c a l  d i s t r i b u t i o n  of  r a d i a t i o n  f l u x e s ,  

and e s p e c i a l l y  t ha t  of i n f l u x e s .  I n  o r d e r  t o  f r ee  o u r s e l v e s  from 

t h i s ,  and a l s o  i n  o r d e r  t o  a s c e r t a i n  t he  most c h a r a c t e r i s t i c  fea

t u r e s  of  t h e  v e r t i c a l  s t r u c t u r e  of t h e  r a d i a t i o n  f i e l d ,  i t  i s  neces 

s a r y  t o  average  t h e  r e s u l t s  of i n d i v i d u a l  measurements. For t h i s  

purpose,  a n  expe r imen ta l  model o f  a n  "average" s t r a t o f o r m  c loud  was 
c o n s t r u c t e d  acco rd ing  t o  25 c a s e s  of  a c t i n o m e t r i c  sounding,  i n  con
d i t i o n s  of  a c l e a r  s k y ,  above a l a y e r  of  St or Sc. 


I n  t h e  drawing t h e  v e r t i c a l  p r o f i l e s  of v a r i o u s  c h a r a c t e r i s 
' t i c s  of t h e  "average" c oud are g iven .  I t s  b a s i c  parameters  are:  
H = 400 m, mw = 72 g/cmh [ s i c ] ,  average  t empera tu re  -3.9oc, p o s i t i o n  
of  upper  boundary z = 830 m above t h e  ea r th ' s  s u r f a c e .  The

V. g

methodology o f  t h e  c o n s t r u c t i o n  of p r o f i l e s  of t h e  t empera tu re ,  t h e  

r e l a t i v e  humidi ty  of t h e  a i r ,  and t h e  water c o n t e n t  ( a b s o l u t e  humid

i t y ) .  i n  t h e  "average" c loud  i s  exp la ined  i n  [l]. 


I n  t he  c o n s t r u c t i o n  of  t h e  p r o f i l e s  of  short-wave f l u x e s ,  con

s i d e r a b l e  d i f f i c u l t i e s  ar ise  a s s o c i a t e d  w i t h  t h e  n e c e s s i t y  of t h e  

c o n s i d e r a t i o n  o f  t h e  e f f e c t  of t h e  a l t i t u d e  hg of  t h e  sun and t h e  


a lbedo  AZ of  t h e  u n d e r l y i n g  s u r f a c e .  The f i r s t  may be avoided to 

a c o n s i d e r a b l e  deg ree  i f  w e  do no t  o p e r a t e  w i t h  a b s o l u t e  v a l u e s  of 
t h e  f l u x e s ,  b u t  w i t h  t h e i r  r e l a t i v e  c h a r a c t e i - i s t i c s :  @, A k ,  b .  
Although these q u a n t i t i e s ,  as demonstrated i n  [2 ] ,  depend upon ha 


t o  a c e r t a i n  deg ree ,  f o r  ha > 15O t h i s  dependence may be  ignored  
i n  t h e  f i r s t  approximation.  


The e f f e c t  o f  t h e  a lbedo  of  t h e  ear th ' s  s u r f a c e  may b e  ex
c luded  by u s i n g  the  f l t r u e l lv a l u e s  of  A; and Q*. I n  [ 2 ]  t h e  metho- /> 

dology of t h e i r  d e t e r m i n a t i o n  f o r  t he  cloud as a whole i s  d e s c r i b e d ,  

because of  which e x p r e s s i o n s  were ob ta ined  f o r  t h e  " t r u e "  v a l u e s  

of  t h e  a lbedo  and t r a n s m i s s i o n  f o r  c loud  layers  ( z

n.g' z )  and 

(z,  zv.g 

) a t  z 
nag 

< z < zv.g '  
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Experimental  model of t h e  "average" s t r a t o f o r m  cloud.. 
to- t h e  a i r  t empera tu re ;  U- t h e  r e l a t i v e  humidi ty;  q- t h e  s p e c i f i c
humidi ty;  w- t h e  water c o n t e n t  of t h e  c loud ;  Ak,i and Gi- t h e  al

bedo and t r a n s p a r e n c y  o r  t r a n s m i s s i o n  of the  cloud; i=1cor responds  

t o  AZ=O;  i = 2  cor responds  t o  AZ=20%;  i = 3  t o  A Z = 4 0 % ;  i = 4  t o  AZ=60%; 

i = 5  t o  Az=75%; i = 6  t o  ~ ~ = 8 5 % ; 
B i s  the  r a d i a t i o n  b a l a n c e ;  Eef i s  


t h e  e f f e c t i v e  r a d i a t i o n ;  Bk i s  t h e  ba l ance  of  short-wave r a d i a t i o n ;  


AEef/Az, ABk/Az, and AB/Az r e p r e s e n t  t h e  r a d i a t i o n  i n p u t s  of h e a t  


(1- long-wave; 2- short-wave; 3- t o t a l ) .  

/72 
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- 

Here A and A* are t h e  measured and " t r u e "  v a l u e s  
z , z n - g  '9'n.g 

of the  a lbedo  of the  c loud  layer  (znmg,  z ) ;  cpz 
V.g'z  

and 0 Z+ 
v.g' Z. 

are the  measured and " t r u e "  v a r u e s o f  t he  re la t ive  t r a n s m i s s i o n  
by the  cloud l a y e r  (z, z V e g > ; cp i s  the  r e l a t i v e  t r a n s m i s s i o n  

'9'n.g -of t h e  cloud l a y e r  (znmg,  z ) .  We n o t e  that  t he  r a t i o  cp 
'9'n.g 

cp/ cpz o c c u r s  where cp i s  the  measured v a l u e  of the relative 
v.gSZ

t r a n s m i s s i o n  f o r  the e n t i r e  c loud;  A: i s  the  " t r u e "  a lbedo  
v.g,=

of the  cloud l a y e r  ( z ,  z >. 
v - g  

C h a r a c t e r i s t i c s  of  the  abso rb ing  c a p a b i l i t y  of  t h e  "average" 

c loud  des igna ted  as b and be, were determined both  f o r  the e n t i r e  c iou i  

and f o r  the l a y e r s  ( z V e g ,  z >  = (bz  and bef, zv .g, z ). For de

v .gsz 

t e r m i n a t i o n  of the two l a t t e r  q u a n t i t i e s ,  the  f o l l o w i n g  formulas  

were used:  


The q u a n t i t i e s  A* and 0; 
V.R ,z' 

ob ta ined  acco rd ing  t o  formulas  
Z 'zn .a  

(1)and ( 2 )  f o r  each  Fase of sounding,  were t h e n  averaged by means 
of c o n s t r u c t i o n  of t he  curves  of t h e i r  dependence upon the  a b s o l u t e  1 7 4  
humidi ty  w of t h e  cor responding  l a y e r s  of  t h e  c loud .  The v a l u e s  
of iF and cp? f o r  the  "average" cloud were t a k e n  from t h i s  

'9'n.g v .gsz  

curve  i n  accordance w i t h  t he  a b s o l u t e  humidi ty  of  t h e  r e l a t i v e  

layers ( z V a g ,  z >  and (z, z n e g )  

From Table 1, where t h e  q u a n t i t i e s  A+ and a r e  
'9'n.g V.g*z'

g iven ,  i t  is appa ren t  t h a t  t h e  t 'average" s t r a t o f o r m  cloud a t  A .3 = 0 
a t t e n u a t e s  t h e  f l u x  f a l l i n g  on i t s  upper boundary by 81%, and 41% f a l l s  

t o  t h e  s h a r e  of t h e  f i r s t  100-meter layer.  The magnitudes o f @ *  


zv.g 'z  
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i n  i n d i v i d u a l  c a s e s  are s u b j e c t  to c o n s i d e r a b l e  o s c i l l a t i o n s ,  es
p e c i a l l y  i n  t h i n  layers. Such o s c i l l a t i o n s  are exp la ined  by the 
v a r i a b i l i t y  of the a b s o l u t e  humidi ty  and the  m i c r o s t r u c t u r e  of  
t he  c loud  layers,  and a l s o  by shortcomings i n  the  methodology of 
the  measurements . 

According t o  t h e  average  v a l u e s  of the  a lbedo  and the t r a n s 
miss ion  f u n c t i o n ,  the  magnitudes of b, and b were 

V . P Z  ef ,zv. a,  z 
determined,  which are also g iven  i n  T a b l e  1. It i s  appa ren t  t h a t  
the "average" c loud  a t  A, = 0 abso rbs  7.2% of the  s o l a r  r a d i a t i o n  
f a l l i n g  on i t s  upper  boundary and 27.2% of the  r a d i a t i o n  e n t e r i n g 

t h e  cloud.  I n  t h e  upper  100-meter layer 37.5% of the r a d i a t i o n  i s  

absorbed,  ou t  of that  absorbed by t he  e n t i r e  "average" c loud .  


TABLE 1 
-

z, m fr 
upper - s 

R 

I 
m i n  

-n 

? z!hi

0 , l O  0.74 (24) 
0.31 0.33 @,GO (24) 0,60 0,027 0,042 

0.40 (46) 0,6T 0.19 A3.m 0.45 (38) 0.69 0,048 0.121:z I 0.26 (37) 1 0.42 0.12 0.062 0.203 
4.00 0.19 (24) 0.34 0.10 0,072 0,272 

Note: 	 The  numbers i n  the p a r e n t h e s e s  s i g n i f y  t h e  number of cases  

used i n  ave rag ing .  


For a d e s c r i p t i o n  of the  r a d i a t i o n  regime of t h e  l a y e r  over  
the c loud ,  an  averaged p r o f i l e  of t h e  a lbedo  i n  t h i s  layer was 
c o n s t r u c t e d .  From t h e  drawing g iven  i t  f o l l o w s  t ha t  over  the 
I1averageI1 c loud  the  a lbedo  d e c r e a s e s  w i t h  a l t i t u d e  by 29,  on the  
average ,  f o r  each k i l o m e t e r  of t h i c k n e s s  i n  accordance  w i t h  re
s u l t s  of [2]. By u s i n g  t h e  data c o n c e r n i n s  t he  v e r t i c a l  p r o f i l e
of the  a lbedo  ( see  the  drawing) and the  data concernfng the i n 
t e n s i t y  of the  downward f low of s o l a r  r a d i a t i o n  [2],  it i s  easy  
t o  de te rmine  the p r o f i l e  of the  ba lance  Bk and the  absorbed ABk 
s o l a r  r a d i a t i o n  ( i n  cal/cm2 min) i n  the  l a y e r  ove r  the c loud  f o r  
v a r i o u s  v a l u e s  of ha and A 3 

= 0. These data are p r e s e n t e d  i n  
Table  2, from which i t  i s  a p p a r e n t  that  i n  the  layer above the  


95 


. . ... . . .. , 



c loud  the  r a d i a t i o n  i n f l u x  depends s t r o n g l y  upon ha, i n c r e a s i n g  


w i t h  the  r i s i n g  of the  sun over  t he  ho r i zon .  


Levels ,  m 


Above uppe.r boundary 


2000 

3000  
Upper boundary-2000 
2b00- 300 0. 
I n  t he  e n t i r e - l a y e r  

over  t h e  cloud 


TABLE 2 /75 

1 A l t i t u d e  of sunSym- 
b b l s  I III I 5  :n 

I l,I)Ih I 0.t2; 0,247 
0.102 0.1 :I!] 0.276 
0,116 0.157 0,306 
0.013 0.015 0.029 
0 . O t  i 0.0 t R o,iw 
o ,w; o ,n:c:i (le05!l 

I n  t he  drawing, aside from t h e  re la t ive c h a r a c t e r i s t i c s ,  v e r t i  

c a l  p r o f i l e s  of t he  magnitudes of  Bk, e f f e c t i v e  r a d i a t i o n  Eef ,  

r a d i a t i o n  ba lance  B and r a d i a t i o n  i n f l u x  due t o  short-wave radia

t i o n  ABk and due t o  long-wave r a d i a t i o n  ABd are p r e s e n t e d ,  and a l s o  


t h e i r  sum B. These p r o f i l e s  were c o n s t r u c t e d  under the assumption
tha t  Q(zV.,) = 1 . 0 0  cal/cm2 min (which cor responds  t o  h8 o f  about  
4 0 O ) .  These p r o f i l e s  demonstrate  that  t h e  a b s o r p t i o n  o f  s o l a r  
r a d i a t i o n  occurs  i n  t h e  e n t i r e  t h i c k n e s s  of  t he  c loud ,  and 1 4 %  of 
a l l  t h e  r a d i a t i o n  absorbed by t h e  c loud  f a l l s  t o  t he  share of  t h e  
lowest  100-meter l a y e r .  

The case  of A 3  = 0 was cons idered  above. 

The q u a n t i t i e s  @ and A for rea l  c o n d i t i o n s  (A3#O)
zv.g)  Z '9'n.g 

may be determined acco rd ing  t o  t h e i r  v a l u e s  a t  A3 = 0 by s o l v i n g  
sys t em of  e q u a t i o n s  ( 1 ) - ( 3 ) .  I n  T a b l e  3 t he  v a l u e s  of A and 

'9'n.g
@ are g iven  f o r  v a r i o u s  v a l u e s  of z ( z  < z < z ) and, 
ZV e g , Z  nag v * g  


as a whole f o r  t he  c loud ,  a s  a f u n c t i o n  of A3. A t  Q ( z v e g )  = 1 .00  
n 

cal/cmL Inin, w i t h  a n  i n c r e a s e  i n  A3 '  A 
'9'n.g 

i n c r e a s e s ,  as 
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does Qz . The a lbedo  A 300-n.g of  t he  lower l a y e r  i n c r e a s e s  
V . g ' z 
-

' 

most. The v a r i a t i o n  of A Z  a f f e c t s  t he  magnitude of  Av.g-n.g 

cons ide rab ly  more weakly ;  Qv.g-n.g undergo a p p r e c i a b l e  changes 


and @ lesser  changes at z < z V o g .
Z ¶ Z n . g
A

3 
has a n  a p p r e c i a b l e  e f f e c t  on the  v e r t i c a l  d i s t r i b u t i o n  of 
and A (see the drawing) .  The v e r t i c a l  p r o f i l e  o f  


@Zv.g'Z '9'n.g 

cp -9z 

does no t  change q u a l i t a t i v e l y  i n  t h i s  v a r i a t i o n ,  b u t  the
zl-v . 5 

q u a n t i t a t i v e  changes are  ve ry  s i g n i f i c a n t .  The p r o f i l e  of  t h e  
a lbedo  v a r i e s  even more. From t h e  drawing it  i s  apparent
t h a t  a t  l a r g e  v a l u e s  of A, ons ide  t h e  cloud a dec rease  i n  


-I 

A may be observed .  The behav io r  of  A a t  A 3  # 0 a g r e e s  
ZIZn.g  '9'n.g 

w e l l  w i t h  t h e  data from s p e c i f i c  measurements [3]. 

/ 7 7I n  r e a l  c o n d i t i o n s  (A3  # 0 )  t h e  a b s o r p t i o n  by t h e  "average" -
c loud  must i n c r e a s e  as a cwnsequence of  t h e  a d d i t i o n a l  a b s o r p t i o n
of r a d i a t i o n  r e f l e c t e d  from t h e  e a r t h ' s  s u r f a c e .  The r a t i o  ABk/ 

ABk,O may s e r v e  as a c h a r a c t e r i s t i c  o f  a d d i t i o n a l  a b s o r p t i o n  


( t h e  s u b s c r i p t  "zero"  cor responds  to A3 = 0 ) .  The r a d i a t i o n  char
a c t e r i s t i c s  of t he  l a y e r s  ( z n e g ,  z )  and ( z V a g ,  z )  i n  t h e  model o f  


a n  average  c loud  a t  v a r i o u s  v a l u e s  of  A3 and a t  Qz = 1 . 0 0  c a l  
v * g  

D e r  cm2 inin are  g iven  i n  Table 3. From t h i s  t a b l e  i t  fo l lows  t h a t  
t h e  c loud  l o c a t e d  ove r  a s u r f a c e  w i t h  A 3  = 75% ( c l e a n  snow) must 
abso rb  approximate ly  30% more of  t he  s o l a r  r a d i a t i o n  t h a n  t h e  same 
c loud  l o c a t e d  ove r  a s u r f a c e  wi thout  snow ( A 3 - 1248%). 

With a n  i n c r e a s e  i n  A3 t h e  c o n t r i b u t i o n  o f  t h e  i n d i v i d u a l  


p a r t s  of  t h e  c loud  to t h e  t o t a l  a b s o r p t i o n  a l s o  changes somewhat: 

t h e  c o n t r i b u t i o n  of t h e  lower h a l f  of t he  c loud ,  due to a b s o r p t i o n 

of  r e f l e c t e d  r a d i a t i o n ,  i n c r e a s e s  somewhat ( b y  3-4%) and t h e  con

t r i b u t i o n  of t h e  upper  h a l f  d e c r e a s e s  a c c o r d i n g l y .  


The a b s o r p t i o n  c a p a b i l i t y  b i n c r e a s e s  from 0.072 ( A3 = 0 )  t o  
0.105 ( A 3  = 0.85)  w i t h  a n  i n c r e a s e  of A3 (Table  3 ) ,  a l t h o u g h  the  
p r o p e r t i e s  of t h e  c louds  do no t  change. A t  t h e  same t i m e  t h e  


x .  __ 
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Table 3 


Alhedo 
Quant1tle2 

0.40.. -_
0 &;!L 0.70 

0.61: 0.65 0,728 

100 0.0: 0-1 ,:I 0.03 0,047 I 

1 , l I  I ,1H I OgG8
1.21; I ,:I7 

I ) J (  I I * T l ,  I),:):I: I I Ji2 
___ 

1 1 . 3  I! O,S7 I I ,l;l;( 0,75! ( 1  ,HI(I 

0,w. 0,45 0,501 0.5G( 0,liOO 

200 II JI21 0,02 0,02: 0.02: 0 .U2!) 
1,Ul) 1,05 1,09 1.19 1.38 
0,281 0,20( 3,2fi4 0,265 0.176 
-_ _- __ 

0.23: 0,:w 0.47 1.611 0,740 0,830 

0,2cil 0.293 0,33: ) .398 0.465 0.550 
300 	 0 ,01! 0,015 0.01; ).019 0 ,022 0 ,023 

1,oo 1.07 1,21 . ‘36 1.57 1.64 
0,194 0,200 0,20i ,218 0,230 0.219 

~ -
0,010 0.01 1 0,013 1,013 0,014 0,016

400 1,uo 1.10 1,30 ,30 1.40 1.60 
0,139 0.147 0,159 ,i50 0,149 0.153 

-

IJ.74:; 0,755 ,775 0.7!)8 ).h18 

E n t i r e  0.227 0,271 ,345 0.430 1,515 

cloud 0,073 0.082 ,087 0,095 J.105 
1.04 1,I2 21 1.32 I.46 
0 .U75 0,082 ,087 0.094 1,105 
0,274 0.272 ,271 0.271 1.273 

176magnitude of  b e f  remains  unchanged and e q u a l  to 27.2%. These -
q u a n t i t i e s  b and bef a re  c l o s e  to t h e  ave rage  v a l u e s  g iven  i n  [2] ,  

and a l s o  to t h e  data o b t a i n e d  by N .  I. Che l ’ t sov  [ 4 ]  and by 

Neiburger  [ S I .  
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111. TURBULENT AND R A D I A N T  HEAT TRANSFER 

I N  THE BOUNDARY LAYER OF THE ATMOSPHERE 


I l  


ON THE CLOSING O F  THE E Q U A T I O N  OF HEAT INFLUX 

I N  THE BOUNDARY LAYER OF THE ATMOSPHERE 


(According t o  Exper imenta l  Data) 


L. R. Tsvang 


The p r o c e s s e s  of h e a t i n g  and c o o l i n g  o f  t h e  boundary l a y e r ' o f  /78
t h e  atmosphere a r e  determined by a number of f a c t o r s ,  p l a y i n g  a -
g r e a t e r  o r  lesser  r o l e  i n  v a r i o u s  s y n o p t i c a l  s i t u a t i o n s ,  o r  over 
v a r i o u s  t y p e s  of unde r ly ing  s u r f a c e .  I n  o r d e r  t o  estimate t h e  
r o l e  of  t h e  v a r i o u s  f a c t o r s  i n  t h e s e  p r o c e s s e s  i t  i s  a d v i s a b l e  t o  
i n v e s t i g a t e  t h e  t o t a l  equa t ion  o f  heat i n f l u x  f o r  t h e  l a y e r ,  whdch 
may be w r i t t e n  i n  t h e  fo l lowing  form: I 

Here T i s  t h e  p o t e n t i a l  t empera tu re  of  t h e  a i r ;  u ,  v ,  and w are t h e  

l o n g i t u d i n a l  ( a long  t h e  x a x i s ) ,  t r a n s v e r s e  ( a l o n g  t h e  y a x i s ) ,  

and v e r t i c a l  ( a long  t h e  z ax i s ) , componen t s  of  t h e  wind v e l o c i t y ,
r e s p e c t i v e l y ;  B i s  t h e  r a d i a t i o n  ba lance ;  Q i s  t h e  i n f l u x  of  h e a t  
i n  t h e  l a y e r  due t o  t h e  phase t r a n s i t i o n s ;  C i s  t h e  s p e c i f i c  heat 


P 

c o n t e n t  o f  t h e  a i r  a t  a c o n s t a n t  pressure . ;  and p i s  t h e  d e n s i t y  of 
t h e  atmosphere.  

Having p r e s e n t e d  t h e  momentary v a l u e s  of  t h e  t empera tu re  and 

t h e  components of t h e  wind v e l o c i t y  as t h e  sum o f  t h e i r  average 

v a l u e s  and p u l s a t i o n s  r e l a t i v e  t o  t h i s  average  and making the  op

e r a t i o n  of  ave rag ing  i n  e q u a t i o n  (l), we o b t a i n  


Here t h e  bar over  a symbol s i g n i f i e s  t h e  ave rag ing  i n  t ime ( o r  i n  

space )  and t h e  prime s i g n s  t h e  p u l s a t i o n s  of  t h e  cor responding  

components o f  t h e  wind v e l o c i t y  o r  t empera tu re  r e l a t i v e  t o  t h e i r  

average  v a l u e s .  I n  t h e  t r a n s i t i o n  from (1) t o  ( 2 ) ,  t h e  f o l l o w i n g
e x p r e s s i o n s  were used:  
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Simultaneous measurements o f  a l l  t h e  t e r m s  e n t e r i n g  i n t o  equa t ion  

( 2 )  i n  t h e  s e l e c t e d  layer of  t h e  atmosphere make it p o s s i b l e  t o  

e s t l m a t e  t h e  r o l e  of each o f  them i n  t h e  h e a t i n g  o f  the g iven 

l a y e r .  


By i n v e s t i g a t i n g  t h e  t r a n s f o r m a t i o n  o f  t h e  te rms  o f  t h e  equa- 179t i o ni o f  i n f l u x  of  h e a t  over  v a r i o u s  t y p e s  of unde r ly ing  s u r f a c e  as -
a f y c t i o n  of a l t i t u d e  and under v a r i o u s  s y n o p t i c  c o n d i t i o n s ,  we ob
t a i n  data concern ing  t h e  mechanism o f  h e a t  t r a n s f e r  making i t  pos
s i b l e  t o  check t h e  t h e o r e t i c a l  models of t h i s  mechanism. A number 
of works have been devoted t o  t h i s  problem, which were performed 

i n  t h e  Department of  Atmospheric Turbulence o f  t h e  I F A  i n  r e c e n t  

year,s [l-31. 


I n  our  measurements, n o t  a l l  t h e  seven t e r m s  e n t e r i n g  i n t o  

equa t ion  ( 2 )  were determined.  I n  t h e  l a y e r  of a i r  a t  a l t i t u d e s  

from 1 t o  500 m, where no phase t r a n s i t i o n s  of t h e  mois ture  occur ,  

t h e  l as t  te rm i n  t h e  r i g h t h a n d  p a r t  of e q u a t i o n  ( 2 )  may be ignored . 

We may a l s o  assume tha t  t h e  i t e m  avlT ' /a  y ,  r e p r e s e n t i n g  t u r b u l e n t  

heat t r a n s f e r  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  average  t r a n s f e r , 

w i l l  be  e q u a l  t o  ze ro  because o f  t h e  symmetry o f  t h e  mot ions  of 
,

, 	 t h e  a i r  r e l a t i v e  t o  t h e  average  wind d i r e c t i o n .  The term au 'T ' /ax, 

de te rmin ing  t h e  d ivergence  o f  t h e  h o r i z o n t a l  t u r b u l e n c e  o f  t h e  

h e a t  f l u x ,  was no t  measuroA. We assumed t h a t  i n  any c a s e  i t  must 

be cons ide rab ly  l e s s  t1:x- t h e  h e a t  advec t ion  d e f i n e d  a t  G(aF/ax) . 

I n  t h e  f u t u r e ,  however, i t  IS d e s i r a b l e  t o  check t h i s  assumption 

expe r imen ta l ly .  


Consider ing  t h e  assumptions expres sed  h e r e ,  e q u a t i o n  ( 2 )  may

be w r i t t e n  i n  t h e  fo rm 


The measurements o f  t h r e e  of  t h e  f o u r  terms e n t e r i n g  i n t o  equa

t i o n  ( 3 )  ( t h e  a d v e c t i v e  h e a t  i n f l u x  w a s  no t  measured) a t  f i r s t  were 

performed i n  t h e  s u r f a c e  l a y e r  o f  t h e  atmosphere a t  a l t i t u d e s  of 

1 and 4 m f r o m  t h e  s u r f a c e  o f  t h e  e a r t h  [l]. These measurements 

were conducted by  means of an a c o u s t i c  anemometer ( v e r t i c a l  pu l sa  

t i o n s  of t h e  wind v e l o c i t y  w ' ) ,  a r e s i s t a n c e  thermometer ( p u l s a  

t i o n s  o f  t h e  tempera ture  T ' ) ,  and an  e l e c t r o n  m u l t i p l i e r 

makfng i t  p o s s i b l e  t o  o b t a i n  t h e  average  v a l u e s  of t h e  product 
-

w ' T '  i n  a p e r i o d  of 1 0 0  s d i r e c t l y  i n  t h e  p r o c e s s  of measurements. 

The r a d i a t i o n  ba lance  w a s  measured by  means of  t h e  r a d i a t i o n  thermo

elements  designed by B. P.  Kozyrev. 
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The e n t i r e  set  o f  p ickups  w a s  i n s t a l l e d  a l t e r n a t e l y  a t  two 

a l t i t u d e s ,  a t  each of  which the measurements were performed f o r  

10-15 min. 


The r e s u l t s  o f  t h e  measurements demonstrated that  i n  the 

m a j o r i t y  of cases the  ba lance  w i t h  r e s p e c t  t o  t he  sum of  the three 

i t e m s  i n  equa t ion  ( 3 )  d i d  n o t  c l o s e .  A s  a r u l e ,  a n  a p p r e c i a b l e  cool
i n g  o f  the  1-4 m layer due t o  t u r b u l e n c e  w a s  observed.  An estimate 
was made of  the p o s s i b l e  r o l e  o f  the a d v e c t i v e  t e r m .  It t u r n e d  o u t  

that  a t  the  average wind v e l o c i t y  observed d u r i n g  the me-urements 

i s  s u f f i c i e n t  to have h o r i z o n t a l  t empera ture  g r a d i e n t s  aT/ax of  
the o r d e r  o f  0.1' C/100 m, i n  o r d e r  t o  compensate f o r  t he  r o l e  o f  
t u r b u l e n t  heat t r a n s f e r  i n  ( 3 )  and t o  c l o s e  the  e q u a t i o n  of  heat /80-

i n f l u x .  Gradien ts  aT/ax o f  such-an order of magnitude o r  more 

were found by R i d e r  and h i s  a s s o c i a t e s  and are desc r ibed  i n  141. 

'l'he measurements of  r a d i a t i o n  heat i n f l u x e s  conducted s imultaneous 

l y  w i t h  measurements of t u r b u l e n t  i n f l u x e s  demonstrated t h a t  due to 

long-wave and short-wave components of  r a d i a t i o n ,  t h e  s u r f a c e  layer 

of  t he  a i r  i n  summer, i n  the  day t ime ,  w a s  cons ide rab ly  heated. How

e v e r ,  the  inadequa te  accuracy  of  t he  measurements by means o f  radi

a t i o n  thermoelements d i d  n o t  make i t  p o s s i b l e  t o  r e a c h  a re l iab le  

judgement of  t he  r e l a t i v e  r o l e  of  r a d i a t i o n  i n  h e a t i n g  of  the  s u r  

f a c e  layer  of  t he  a i r .  


I n  1966 measurements w e r e  made of t he  heat i n f l u x  i n  the layer 

from 50-500 m from onboard a n  a i r c r a f t  [2] .  I n  these measurements 

a l l  f o u r  terms i n  eq. ( 3 )  were determined.  The a p p a r a t u s  and metho
dology o f  t he  measurements i n  [ 2 1  are analogous t o  t h o s e  which were 
used i n  [l]. For c o n s i d e r a t i o n  of the n a t u r a l  motions of  the air 

craf t ,  c o r r e c t i o n s  were in t roduced  i n t o  the  ou tpu t  s i g n a l  o f  the  

a c o u s t i c  anemometer d i r e c t l y  i n  t h e  p rocess  o f  measurement, and 

these c o r r e c t i o n s  cons ide red  t h e  v e r t i c a l  movements of  the a i r c r a f t  

and the  v a r i a t i o n s  of  i t s  p i t c h  a n g l e .  The measurements were con

ducted  i n  summer i n  c o n d i t i o n s  of well-developed convec t ion  i n  

f l i g h t s  over  the s t e p p e  and ove r  t h e  sea. 


Analys is  of the  r e s u l t s  of t h e  measurements demonstrated that  

i n  the c o n d i t i o n s  i n d i c a t e d ,  i n  t h e  boundary l a y e r  of  t he  atmos

sphe re  t h e  t u r b u l e n t ,  r a d i a t i o n ,  and a d v e c t i v e  heat i n f l u x e s  have 

the  same o r d e r  of magnitude. 


I n  t h i s  c a s e  t h e  n e c e s s i t y  of  i n c r e a s i n g  the  accuracy  of meas

urement of  t u r b u l e n t ,  r a d i a t i o n ,  and h o r i z o n t a l  heat i n f l u x e s  from 

onboard an  a i r c r a f t  was a s c e r t a i n e d .  For t h i s  purpose ,  t he  follow 

i n g  c y c l e  of  works was performed: 


1. On measurements of  t h e  v e r t i c a l  turbulent-heat f l u x .  

The v e r t i c a l  t u r b u l e n t  h e a t  f l u x  a, i s  determined 
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by the r e l a t i o n  


qv = Cppw'T ' .  (4 1 

Immediately q u e s t i o n s  ar ise  concern ing  the  necessa ry  t i m e  ( o r  d i s  

t a n c e )  and concern ing  the  ave rag ing  s c a l e .  The answer t o  these 

q u e s t i o n s  may be o b t a i n e d  by performing measurements of  the  s p e c t r a 

of  the  t u r b u l e n t  heat f l u x e s  FwT, which are t h e  real  p a r t  of the 

F o u r i e r  t ransform of t h e  mutual c o r r e l a t i o n  f u n c t i o n  R w T ( ' r ) :  


where 


For measurements of the  spectrum 

magnetic r e c o r d i n g  a p p a r a t u s  and 

ana log  p rocess ing  of the  r e s u l t s  

C31. rl 

I 

N! 

1 

of  heat f l u x e s  a mul t i -channel  

a sys t em f o r  r e p r o d u c t i o n  and 

of  t h e  measurements w e r e  developed /81
-


Fig. 1. Averaged spectra o f  

t u r b u l e n t  heat f l u x e s  f o r  v a r i o u s  

a l t i t u d e s .  

L- dimension o f  the  he te rogene i  

t i e s ,  i n  m (L=u/f,  where f i s  

t h e  frequency of the  p u l s a t i o n s 

recorded ,  u i s  t h e  speed of t h e  

a i r c r a f t ) ;  t h e  d i g i t s  a t  t he  

curves  d e s i g n a t e  t he  a l t i t u d e s  

over  the  s u r f a c e  of  t h e  ear th  to 

which t h e  data o b t a i n e d  r e fe r .  


The measurements of  the  s p e c t r a  of heat f l u x e s  were performed 
on a mast and on a tower a t  a l t i t u d e s  from 2.5 to 37 m i n  1967 [5]
and from onboard a n  a i r c r a f t  at a l t i t u d e s  from 50 to 1 0 0 0  m from 
the s u r f a c e  of t h e  earth i n  1967 and 1968 [3].  A l l  t h e  measure
ments were conducted i n  t he  summer season of  the  y e a r ,  by day, i n  
c o n d i t i o n s  of well-developed convec t ion  i n  the  s t e p p e  r e g i o n s  of  



t h e  count ry .  I n  Fig.  1 t h e  s p e c t r a  of the t u r b u l e n t  heat f l u x e s ,  

averaged f o r  v a r i o u s  a l t i t u d e s ,  on a s c a l e  FwT(L) x L are p r e s e n t e d  


( a l o n g  t h e  a b s c i s s a  a x i s  t h e  loga r i thms  of  L are p l o t t e d ) .  Here 

L = 2m/w ( u  i s  t h e  speed of  t h e  a i r c r a f t )  i s  t h e  dimension o f  t h e  

t u r b u l e n t  h e t e r o g e n e i t i e s ,  i n  meters. The p r e s e n t a t i o n  o f  t he  

s p e c t r a  o f  t u r b u l e n t  f l u x e s  i n  such s c a l e s  i s  c l e a r e s t ,  s i n c e  i n  

t h i s  c a s e  t he  area under  t h e  curve de te rmines  t h e  t o t a l  q u a n t i t y 

o f  heat t r a n s f e r r e d  by the  t u r b u l e n t  p u l s a t i o n s .  


According t o  data from measurements i t  t u r n e d  o u t  t o  be pos

s i b l e  t o  make t h e  f o l l o w i n g  conc lus ions :  beg inn ing  from t h e  s u r f a c e  

l a y e r  up t o  a l t i t u d e s  of  500 m from t h e  s u r f a c e  of t h e  earth t h e  

s p e c t r a  o f  t u r b u l e n t  heat f l u x e s  have a c l e a r l y  expres sed  maximum 

and drop p r a c t i c a l l y  t o  ze ro  both  i n  t h e  r e g i o n  of  l a r g e  and i n  

t h e  r e g i o n  of  s m a l l  s c a l e s .  Thus, t h e  p r e s e n t a t i o n  o f  t he  t o t a l  

t u r b u l e n t  h e a t  f l u x  as the  i n t e g r a l  w i t h  r e s p e c t  t o  t he  spectrum 

FwT(L) 


m I U 

( I , )  dL = - (I,,!) 

01FcnT(t) 
( 6 )

q = C,,p 5 F,.'loT Ld In I, 
0 

has a d e f i n i t e  meaning, s i n c e  t h e  i n t e g r a l  i n  ( 6 )  converges.  


However, t h e  behav io r  of t he  f u n c t i o n  F w ~ ( L )x L i n  t h e  r e g i o n  	 /82 
-

of  s c a l e s  g r e a t e r  t h a n  a f e w  k i l o m e t e r s  i s  unknown. Thus, i n  t h e  
spectrum measured a t  a n  a l t i t u d e  of 1 k m  a t  scaLes of  h e t e r o g e n e i t y  
g r e a t e r  t h a n  a f e w  k i l o m e t e r s ,  v a l u e s  o f 'FwT(L)  x L are observed 
t ha t  d i f f e r  from z e r o  (Fig.  1). For purposes  of i d e n t i f i c a t i o n  of 

t he  r e s u l t s  o f  t h e  measurements conducted by v a r i o u s  a u t h o r s  by 

means of  a p p a r a t u s  t h a t  v a r i e d  i n  c h a r a c t e r i s t i c s ,  i t  i s  proposed 

(see [3]) t o  de te rmine  the  t u r b u l e n t  h e a t  f l u x  as t h e  f l u x  c r e a t e d  

by p u l s a t i o n s  w i t h  s c a l e s  ex tend ing  from t h e  Kolmogorov.microscale 

t o  s c a l e s  cor responding  t o  t he  b reak  i n  t h e  spec t rum o f  FwT(L) x L. 


For t u r b u l e n t  heat f l u x e s  d e f i n e d  i n  such  a manner, t h e  bound

a r y  dimensions of t he  h e t e r o g e n e i t i e s  (Lmin and Lmax) were found, 

w i t h i n  t h e  limits of which t h e  b a s i c  c o n t r i b u t i o n  t o  t u r b u l e n t  heat 

t r a n s f e r  i s  accomplished (90% of  t h e  g e n e r a l  t u r b u l e n t  heat f l u x ) . 

These data, p r e s e n t e d  i n  F ig .  2 ,  make i t  p o s s i b l e  t o  de te rmine  t h e  

n e c e s s a r y  frequency c h a r a c t e r i s t i c s  of  t h e  measuring a p p a r a t u s  and 

t h e  ave rag ing  t i m e ' i n  t he  measurement of  t u r b u l e n t  heat f l u x e s  a t  

a l t i t u d e s  up t o  5 0 0  m above t h e  s u r f a c e  of t h e  ear th .  We should  
emphasize t ha t  i n  d i r e c t  measurements o f  t he  t o t a l  heat f l u x e s  
[not  determined from t h e  s p e c t r a  of  FwT, b u t  i n  accordance  w i t h  ( 4 ) ]  

1 0 4  




Fig .  2 .  Dependence o f  t h e  dimen

s i o n s  of t u r b u l e n t  h e t e r o g e n e i t i e s 

making t h e  b a s i c  c o n t r i b u t i o n  to 

t u r b u l e n t  h e a t  t r a n s f e r  upon

a l t i t u d e .  


Lmin and Lmax are t h e  boundary 

dimensions o f  t h e s e  he t e rogene i  

t i e s ,  w i t h i n  t h e  l i m i t s  of which 

90% of  t h e  energy  of  t h e  t u r b u l e n t  

L LU-L h e a t  f l u x  i s  i n c l u d e d .  
L? ZLW 4L?# Z,,M 

i t  i s  necessa ry  to l i m i t  t h e  f requency  r ange  o f  t h e . p u l s a t i o n s  be

i n g  measured i n  t h e  low-frequency r e g i o n  by a magnitude c l o s e  t o  

w = (u*2a/Lmax). Otherwise ,  a n  i n d e f i n i t e  e r r o r  may be  i n t r o d u c e d  


i n t o  t h e  r e s u l t s  o f  t h e  measurements due t o  random medium-scale 

f l u c t u a t i o n s .  


2 .  On aeasurements  o f  t h e  r a d i a t i o n  heat  i n f l u x .  
_ _  _ _ 

For t h e  purpos-g 0.7 i n c r e a s i n g  t h e  accu racy  of  measurements 01' t h e  

r a d i a t i o n  ba lance ,  a t  t h e  I n s t i t u t e  of t h e  Phys ic s  of  t h e  Atmo

s p h e r e ,  a modulat ion b a l a n c e  gauge w a s  developed making i t  p o s s i b l e  

t o  measure t h e  b a l a n c e  i n  two s p e c t r a l  r e g i o n s :  short-wave ( A  = 
1 3 3  
= 0.3-3 microns)  and long-wave ( A  = 3-40 microns)  161. 

The modulat ion b a l a n c e  gauge s u c c e s s f u l l y  passed  i t s  t e s t  i n  

f i e l d  c o n d i t i o n s  i n  1969. 


3. On measurements o f  t h e  h o r i z o n t a l  heat  i n f l u x .  

It i s  determined bo th  by t h e  a d v e c t i v e  t e r m  Ti(aT/ax),  and b y  t h e  

d ive rgence  o f  t h e  h o r i z o n t a l  t u r b u l e n t  h e a t  f l u x ,  au 'T ' /ax .  For 

measurement of  t h e  magnitude T"F an a i r c r a f t  hot-wire  anemometer 

was developed and t e s t e d ,  b y  means of  which t h e  f i r s t  measurements of 

t h e  s p e c t r a  Fuu were conducted,  i . e . ,  p u l s a t i o n s  of  t h e  h o r i z o n t a l  


component of  t h e  wind v e l o c i t y ,  and t h e  s p e c t r a  Fuw, of t h e  tu rbu 


l e n t  f l u x e s  of momentum. 


A f t e r  comple t ion  of  t h e  works l i s t e d  w i t h  r e s p e c t  to improve

ment o f  t h e  methodology of measurements of t h e  i n d i v i d u a l  t e r m s  e n t e r  

i n g  i n t o  e q u a t i o n  ( 3 ) ,  i n v e s t i g a t i o n s  o f  t h e  h e a t i n g  mechanism o f  

t h e  boundary l a y e r  of  t h e  atmosphere and t h e  c l o s i n g  of  t h e  equa

t i o n  o f  h e a t  i n f l u x  f o r  t h i s  purposes  w i l l  be con t inued .  
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DETERMINATION OF THE R A D I A T I O N  HEAT FLUX 

I N  THE BOUNDARY LAYER OF THE ATMOSPHERE 


V. D.  Oppengeym and G .  P .  Faraponova 


I n  t h i s  work c e r t a i n  r e s u l t s  of  t h e  measurements of  f l u x e s  of  /84
short-wave and long-wave r a d i a t i o n  i n  t h e  boundary l a y e r  of t h e  
atmosphere (0.05-1.5 km) are g iven .  Measurements o f  t h e  f l u x e s  
were conducted by means o f  r a d i a t i o n  thermoelements des igned  by 
V. 	 P. Kozyrev '(RTE) on an LI-2 a i r c r a f t  i n  t h e  summer p e r i o d  ( J u l y - 

August) i n  t h r e e  r e g i o n s  of  t h e  S o v i e t  Union: above t h e  s t e p p e  i n  

t h e  v i c i n i t y  of t h e  c i t y  of  Tsimlyansk and t h e  c i t y  of  Dneprope

t r o v s k a n d o v e r  t h e  sea i n  t h e  v i c i n i t y  of  t h e  c i t y  of  Gelendzhik.  

Act inometr ic  measurements were made a t  a l t i t u d e s  of  50-70, 100-150,  

250-300, 500, 750, 1 0 0 0 ,  and 1 5 0 0  meters. For de te rmina t ion  of t h e  

r a d i a t i o n  h e a t  i n f l u x ,  data  ob ta ined  a t  hours  n e a r  noon i n  c l o u d l e s s  

weather  were used ( t h e  presence  of  c loud cover o f  up t o  2-3 on 

a s c a l e  of 1 0  on t h e  s u n l i t  s i d e  was assumed),  and a l s o  b y 

n i g h t .  


The r e s u l t s  of  t h e  work performed a r e  d e s c r i b e d  i n  a e t a i l  i n  

r e f .  [ 1 3 .  


According to t h e  expe r imen ta l  data t h e  v e r t i c a l  p r o f i l e s  o f  

t h e  short-wave r a d i a t i o n  f l u x  Q, D+ were c o n s t r u c t e d ,  as w e l l  as 

t h o s e  of  t h e  long-wave r a d i a t i o n  f l u x  FJ.,F+, and a l s o  p r o f i l e s  o f  

t h e  e f f e c t i v e  r a d i a t i o n  F. 


Dependence of  t h e  a b s o r p t i o n  o f  


2min
long-wave r a d i a t i o n ,  ABd upon 

t h e  a b s o r p t i o n  ABk of short-wave 

r a d i a t i o n .  


The r a d i a t i o n  h e a t  i n f l u x  AB i n  t h e  l a y e r  ( z l ;  z,) w a s  d e t e r 
mined as t h e  sum of i n f l u x e s  of  short-wave r a d i a t i o n ,  ABk = Bk(z2)  
- Bk ( z1 ) and long-wave r a d i a t i o n ,  ABd = Bd ( z2 ) - B d ( z I ) .  According 
t o  t h e s e  data, t h e  r a d i a t i o n  v a r i a t i o n s  o f  t h e  t empera tu re  due t o  

short-wave and long-wave r a d i a t i o n  were c a l c u l a t e d  s e p a r a t e l y ,  and 

a l s o  t h e  magnitudes of' t o t a l  r a d i a t i o n  h e a t i n g .  The l a t t e r ,  i n  t h e  
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noontime hours  o v e r  t h e  s t e p p e ,  acco rd ing  t o  data from the  measure

ments, d i d  n o t  exceed 0.4 degree /hr ,  and r a d i a t i o n  c o o l i n g  i n  t he  

n i g h t t i m e  hours  was -0 .1  t o  0 .2  degree/hr. Rad ia t ion  h e a t i n g  

over  t h e  sea (0.2-0.3 degree/hr) i n  t h e  noontime hours  w i t h  r e s p e c t  

t o  a b s o l u t e  v a l u e ,  w a s  c l o s e  t o  t h e  magnitude of  t o t a l  r a d i a t i o n  

cool ing .  


It w a s  observed t ha t  above t h e  s teppe i n  t he  noontime hours  a t  

a s m a l l  degree  of  t u r b i d i t y  ( p o l l u t i o n )  o f  t h e  atmsophere,  up t o  a 

l e v e l  of  1-1.5 k m ,  due t o  a b s o r p t i o n  of long-wave r a d i a t i o n ,  radi 

a t i o n  h e a t i n g  of  t h e  a i r  may be observed ,  t h e  magnitude o f  which 
 -i s  comparable w i t h  h e a t i n g  due t o  short-wave r a d i a t i o n .  I n  t h i s  /86 

c a s e  i t  was no ted  tha t  a t  s m a l l  v a l u e s  o f  ABk t he  i n f l u x  ABd i s  

p o s i t i v e  (see drawing) .  With a n  i n c r e a s e  i n  ABk, t he  magnitude of 

ABd dec reased  to z e r o ,  and t h e n  changed i t s  s i g n .  Apparent ly ,  t h e  


h e a t i n g  of  t h e  atmosphere due to a b s o r p t i o n  o f  long-wave r a d i a t i o n , 

-which  w a s  observed a t  a s m a l l  degree of p o l l u t i o n  (a  s m a l l  v a l u e  o f  


ABk) w a s  caused by the  s t r o n g  s u p e r h e a t i n g  of  t h e  s o i l  r e l a t i v e  to 

t h e  a i r ,  r e g u l a t e d  by t h e  con ten t  o f  a e r o s o l s  i n  t h e  atmosphere. 

By n i g h t  c o o l i n g  of t h e  a i r  w a s  always observed .  The data of t h e  

v a r i a t i o n s  of t h e  r a d i a t i o n  ba lance  i n  t h e  50-1000 m l a y e r  are 

given  i n  t h e  t a b l 2 ,  i n  c a l o r i e s  p e r  em2 p e r  minute.  


According t o  F.  Moeller’s formula ,  t h e  a b s o r p t i o n  o f  s h o r t  

wave r a d i a t i o n  by water vapor  w a s  c a l c u l a t e d  ( A B k ( H 2 0 ) ) .  It t u r n e d  


o u t  t ha t  i n  a l l  t h e  c a s e s  cons ide red  ABk > ABk(H2O)’ and the r a t i o  

ABk/ABk(H20) v a r i e d  w i t h i n  limits from 1 . 5  t o  5 .0 ,  i n c r e a s i n g  w i t h  


a n  i n c r e a s e  i n  t h e  p o l l u t i o n  o f  t h e  atmosphere i n  t he  r e g i o n  b e i n g 

i n v e s t i g a t e d .  The r e s u l t s  o b t a i n e d  i n d i c a t e  t h e  c o n s i d e r a b l e  r o l e  

of t h e  a tmospher ic  a e r o s o l  i n  t h e  p r o c e s s  of a b s o r p t i o n  o f  s h o r t  

wave r a d i a t i o n .  


I n  e s t i m a t i o n  o f  t h e  r e s u l t s  w e  should  bear i n  mind t h e  f a c t  

t h a t  t h e  observed v a r i a t i o n s  of ABk i n  a number of c a s e s  t u r n e d  ou t  

t o  be comparable w i t h  i n s t r u m e n t a l  and methodologica l  e r r o r s  of  

measurement, which i n d i c a t e s  t h e  n e c e s s i t y  of  t h e  c o n t i n u a t i o n  o f  

these  works w i t h  more a c c u r a t e  measurements of t h e  r a d i a t i o n  f l u x e s .  
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I V .  STATISTICAL STRUCTURE OF R A D I A T I O N  FIELDS I N  CLOUDS 


SOME PROBLEMS OF THE METHODOLOGY OF MEASUREMENT 

OF AVERAGE FLUXES OF SHORT-WAVE R A D I A T I O N  I N  CLOUD COVER 


Yu. R. Mullamaa, V. K .  Pyldmaa, and M. A .  Sulev  

The m a j o r i t y  o f  t h e  phenomena o f  n a t u r e  should  be cons idered  /87 
as random i n  space  and i n  t i m e .  For  i n v e s t i g a t i o n  of  any s o r t  of -
c h a r a c t e r i s t i c s  of these p rocesses  o r  t h e i r  i n t e r r e l a t i o n s h i p s ,  
the  accumulat ion o f  a n  enormous amount o f  exper imenta l  material 
i s  r e q u i r e d .  But, on the  o t h e r  hand, i f  w e  n o t e  c e r t a i n  charac
t e r i s t i c s  of  the phenomenon i n  advance o r  have made c e r t a i n  assump
t i o n s  concern ing  t h e m ,  w e  may, by depending on the l a w s  o f  mathe
m a t i c a l  s t a t i s t i c s ,  set  up experiments  i n  a more reasoned manner, 
save  t i m e  and funds  necessa ry  f o r  o b t a i n i n g  the in fo rma t ion  o f  i n 
terest ,  and z l s o  estimate t h e  accuracy  and r e l i a b i l i t y  of  the re
s u l t s  ob ta ined .  It i s  p r e c i s e l y  from t h i s  s t a n d p o i n t  tha t  i n  t h i s  
a r t i c l e  c e r t a i n  problems of  t h e  methodology of  measurement o f  aver
age f l u x e s  of short-wave r a d i a t i o n  ( i n  t e r m s  o f  mathematical  sta
t i s t i c s ,  estimates of  mathematical  e x p e c t a t i o n )  are cons idered .  
A l l  t h e  r a t i o s  exp la ined  below are g e n e r a l  and a p p l i c a b l e  f o r  any
random p r o c e s s  i f  w e  assume that  i t  i s  s t e a d y - s t a t e  [l]. For an  
example, and f o r  purposes  of  o b t a i n i n g  c e r t a i n  q u a n t i t a t i v e  es t i 
mates, s p e c i f i c  r e s u l t s  o f  ground and a i r c r a f t  measurements of  the 
v a r i a b i l i t y  of the  f i e l d  of  short-wave r a d i a t i o n  were used [3],
CIV.17 ;  IV.19; I V . 2 2 1 .  


I n  measurements o f  n a t u r a l  p r o c e s s e s ,  one r e p o r t  t a k e n  sepa 

r a t e l y  i s  random i n  n a t u r e ;  to o b t a i n  r e l i ab le  in fo rma t ion ,  a cer  

t a i n  ave rag ing  i s  r e q u i r e d .  Obta in ing  a n  a c c u r a t e  average  (mathe

m a t i c a l  e x p e c t a t i o n )  of  a random f u n c t i o n  i s  p r a c t i c a l l y  imposs ib le ,  

and t h e r e f o r e ,  i n s t e a d  of  i t ,  an  estimate of  i t  i s  used,  which, w i t h  

a s p e c i f i c  method of  p r o c e s s i n g  t h e  material ,  i s  c a l c u l a t e d  accord 

i n g  to t h e  formula 


M 


where % i s  t h e  average  r a d i a t i o n  f l u x ;  (Pi is t h e  magnitude of t h e  
f l u x  i n  t h e  i - t h  r ead ing ;  M is t h e  number of s u c c e s s i v e  r e a d i n g s  

/aaused t o  o b t a i n  t h e  average .  The d i s p e r s i o n  of t h e  average ,  w i t h  -
M s u c c e s s i v e  r e a d i n g s ,  as is well-known [1 ,2 ] ,  i s  determined by

.. 
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I /  1 

'I I 

where o2  i s  t h e  d i s p e r s i o n  of  t h e  t o t a l  se r ies  q i'* A i s  t h e  i n t e r 

v a l  between a d j a c e n t  r ead ings :  r ( k A )  i s  t h e  s t anda rd ized  a u t o c o r r e l s 
t i o n  func t ion .  I n  F ig .  1 examples of t h e  v a r i a t i o n  of t h e  squa re
r o o t  o f  t h e  d i s p e r s i o n  of t h e  average  r a d i a t i o n  f l u x ,  oQ as a func
t i o n  of  t h e  ave rag ing  s c a l e  a r e  p r e s e n t e d .  The q u a n t i t i e s  e n t e r i n g
i n t o  formula ( 2 )  were t a k e n  from s p e c i f i c  measurements and t h e  auto-
c o r r e l a t i o n  f u n c t i o n s  were approximated by an exponen t i a l  f u n c t i o n  

of t h e  form r ( k A )  = e-clkA. I n  F ig .  2 t h e  f l u c t u a t i o n  of t h e  v a r i a b i 
l i c y  %c?o? 'r-'Q, = a,/@ of  t h e  average  f o r  t h e  same c a s e s  i s  g iven .  

N - 


Fig.  1. Mean square  d e v i a t i o n s  0; of  average  f l u x e s  as a f u n c t i o n  

of t h e  ave rag ing  s c a l e .  

a- ave rag ing  w i t h  r e s p e c t  t o  space  ( a i r c r a f t  measurements) ;  

1- f l i g h t  ove r  c louds 8-10 Sc; 2- f l i g h t  under  c louds  

1 0  Cu fr. Sc; I- descending f l u x e s ;  11- ascending  f l u x e s ;  

b- ave rag ing  w i t h  r e s p e c t  to t i m e  (ground measurements) ;  
1- 1 0  S t  fr.; 2- 9 Cu. 

Frequent ly  i n  t h e  s t a t emen t  of  t h e  experiment  i t  i s  r e q u i r e d  

t h a t  we determine t h e  necessa ry  ave rag ing  s c a l e  t o  o b t a i n  an aver  

age w i t h  t h e  a s s igned  accuracy .  I n  t h i s  c a s e ,  i t  i s  a d v i s a b l e  t o  

use  t h e  concept  of  t h e  confidence i n t e r v a l  
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A s  i s  w e l l  known, t h e  i n t e r v a l  where w i t h  a p r o b a b i l i t y  B t h e  un
known parameter ,  such as ? ,  f o r  example, i s  found, i s  c a l l e d  t h e  
conf idence  i n t e r v a l .  I n  t h e  f i r s t  approximation,  c o n s i d e r i n g  thg
d i s t r i b u t i o n  of t h e  d e v i a t i o n s  of t h e  estimates of  t h e  average  iM /89 
from t h e  t r u e  m t o  be normal,  w e  o b t a i n  [l] 


where arg e r f  B i s  such  a v a l u e  o f  t h e  argument o f  the  i n t e g r a l  o f  
p r o b a b i l i t y  a t  which t h e  l a t t e r  i s  e q u a l  t o  B .  Having assumed t h e  
maximum p e r m i s s i b l e  e r r o r  of t h e  average  f l u x  amM and t h e  p r o b a b i l i t y  
B w i t h  which the  r e s u l t  o f  t h e  ave rag ing  must have an  e r r o r  less 
t h a n  amM, w e  may de termine  t h e  necessa ry  a v e r a g i n g  s c a l e  f o r  per
formance of  ( 3 )  w i t h  r e s p e c t  t o  t h e  v a r i a t i b n  of  oFM w i t h  a n  averag 

i n g  s c a l e  M.  


h 
b 


.n 


F i g .  2 .  V a r i a b i l i t y  f a c t o r s  V, of  t h e  average  f l u x e s  as a f u n c t i o n  

of  t h e  ave rag ing  s c a l e .  

a- ave rag ing  w i t h  r e s p e c t  t o  space :  1- f l i g h t  over  c louds  

8-10 Sc; 2- f l i g h t  under  c louds  1 0  Cu fr.  Sc; I- descend 

i n g  f l u x e s ;  11- ascend ing  f l u x e s ;  b- ave rag ing  w i t h  r e s p e c t  

t o  t ime:  1- 1 0  S t  fr . ;  2- 9 Cu. 

For t h e  q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  e f f e c t  o f  t h e  ave rag ing 

s c a l e  on t h e  accuracy  of  t h e  r e s u l t s ,  w e  may use  t h e  s o - c a l l e d  ef 

f i c i e n c y  index ,  r e p r e s e n t i n g  t h e  r a t i o  o f  t h e  d i s p e r s i o n  o f  t h e  

average  t o  t h e  d i s p e r s i o n  of t h e  random f u n c t i o n  under cons idera 

t i o n ,  ke = az/az4 '  The q u a n t i t y  which i s  t h e  r e c i p r o c a l  of  i t ,  Ne -6 
= l / k  i s  c a l l e d  t h e  e f f e c t i v e  number of measurements and demone 
s t ra tes  how many s p e c i f i c  independent  measurements are  needed t o  
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ach ieve  t h e  same accuracy  as i n  t h e  mean a r i t h m e t i c a l  method o f  

process ing .  The  c o n d i t i o n  o f  independence r e q u i r e s  t ha t  t h e  i n t e r  

v a l  between a d j a c e n t  measurements w i t h  r e s p e c t  t o  t i m e  o r  i n  space  

be  g r e a t e r  t h a n  t h e  argument o f  t he  a u t o c o r r e l a t i o n  f u n c t i o n  at  

which the  l a t t e r  becomes p r a c t i c a l l y  e q u a l  t o  ze ro .  I n  F i g .  3 t he  
e f f i c i e n c y  index ke i s  r e p r e s e n t e d ,  w i t h  a s c a l e  o f  t h e  e f f e c t i v e  
number o f  measurements co r re spond ing  t o  t h e  a v e r a g i n g  s c a l e  i n d i 
c a t e d  on t h e  a b s c i s s a  a x i s .  


b 


min 


Fig .  3. E f f i c i e n c y  index ke w i t h  t h e  s c a l e  of t h e  e f f e c t i v e  


number o f  measurements, Ne and t h e  ave rag ing  s c a l e  


corresponding  t o  i t .  

a- ave rag ing  w i t h  r e s p e c t  t o  space,: 1- f l i g h t  over  c louds  

8-10 Sc; 2- f l i g h t  under c louds  1 0  Cu fr.  Sc; 3- f l i g h t 

th rough summit of Ac l a y e r ;  I- descending  f lows;  I I - , as  

cending f lows;  b- ave rag ing  w i t h  r e s p e c t  t o  t ime :  1- 1 0  

S t  f r ;  2- 9 Cu. 


At a g iven  ave rag ing  s c a l e  t h e  e f f i c i e n c y  o f  t h e  e s t i m a t e  of 

t h e  average  depends upon t h e  i n t e r v a l  between r e a d i n g s  o r  upon t h e  

number o f  r e a d i n g s  i n  an averaging  segment. With an  i n c r e a s e  i n  

t h e  number of  r e a d i n g s  t h e  accuracy  o f  ave rag ing  a t  f i r s t  i n c r e a s e s  
rapidly, an6 tilei1 slower and. s lower,  and fi r i a l l y  becomes alrliost 
c o n s t a n t .  The re fo re ,  to f a c i l f t a t e  t h e  p r o c e s s i n g  of numerous 
measurements I t  i s  a d v l a a b l e  to determine  t h e  so -ca l l ed  optimum 
s t e p ,  i . e . ,  t h e  i n t e r v a l  between r e a d i n g s ,  a f u r t h e r  d e c r e a s e  of 

which does not  l e a d  to a n o t i c e a b l e  i n c r e a s e  i n  t h e  accuracy of r e s u l t s  

Its va lue ,  A o p t ,  may be determined i n  approximation acco rd ing  t o  


[l] from t h e  r e l a t i o n  
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In statistical analysis, aside from the average value of radi
ation fluxes, a determination of dispersion and correlation function 
is required, and also an estimate of the accuracy of their averaging.
In the practical processing of recordings of radiation fluxes the 
dispersion estimates 0 ;  and the autocorrelation function r(Ak) are 
calculated according to the following formulas [l]: 


To ascertain the accuracy of the estimates of the dispersion and 
the autocorrelation function we must determine their dispersions 
0 2 ,  and a2

O(3 r(kA)' respectively. We succeed in this only for a normal 	/91-
steady-state random sequence of the magnitudes 9i' In this case, 

following [l], we obtain 


and 


where bl -ti 

is the dispersion of the unstandardized autocorrelation function. 
For two specific cases, in Fig. 4 the standardized autocorrelation 
functions r(Ak) are given, the square roots of their dispersion,
and the variability factors Vr(Ak) = 'r(Ak)/r(Ak)' As we should 
have expected, the correlation function as the second moment is 
determined with a much lower accuracy than the average fluxes. 
Usually at ra 5 0.1 the error of its determination becomes greater 

, than 100% and further consideration of the correlation function 
L does not make any sense. 

T 

...._ 



A t  t h e  p r e s e n t  t i m e ,  a c o n s i d e r a b l e  amount of  expe r imen ta l  
m a t e r i a l  has been accumulated w i t h  r e s p e c t  to t h e  v a r i a b i l i t y  of  
f l u x e s  of  short-wave r a d i a t i o n  i n  space  and t i m e  i n  c loud  cove r ,  
as i n  re fs .  [3], C I V . 1 7 1 ;  C I V . 1 9 1 ;  CIV.221,  which makes i t  p o s s i b l e  
t o  formula te  t h e  f o l l o w i n g  c o n c l u s i o n s .  

F ig .  4. A u t o c o r r e l a t i o n  f u n c t i o n  r ( x )  (1) w i t h  mean squa re  devi
a t i o n  or ( 2 )  f o r  t h e  t o t a l  r a d i a t i o n  f l u x  and i t s  

~ 

v a r i a b i l i t y  f a c t o r  Vr ( 3 ) .  

a- accord ing  to a i r c r a f t  measurements; b- acco rd ing  

t o  ground measurements. 


1. At t h e  measured f l u x e s  of  short-wave r a d i a t i o n  i n  a cloudy
atmosphere to o b t a i n  a r e l i a b l e  average  a c o n s i d e r a b l e  a v e r a g i n g
i s  r e q u i r e d .  Fo r  a i r c r a f t  measurements, t h e  n e c e s s a r y  ave rag ing  / 9 2-
s c a l e  w i t h  r e s p e c t  t o  space  amounts t o  25-100 k m ,  depending upon 
t h e  t y p e  of r a d i a t i o n  and t h e  s t a t e  o f  t h e  c loud  cove r ,  and f o r  
ground measurements ave rag ing  w i t h  r e s p e c t  to t ime w i t h i n  l i m i t s  
from s e v e r a l  minutes  t o  s e v e r a l  hour s  i s  r e q u i r e d ,  depending upon 
t h e  form and q u a n t i t y  of t h e  c louds .  I n  t h e  m a j o r i t y  o f  c a s e s ,  such 
an  accuracy  of t he  average  f l u x  may be o b t a i n e d  w i t h  5-10 independent  
measurements. We must n o t e  t h a t  these independent  measurements may 

I
be accomplished by two methods. I n  t h e  f i r s t  p l a c e ,  t h e y  may be 
performed from one o b s e r v a t i o n  p o i n t  a t  a c e r t a i n  i n t e r v a l  o f  t ime ,  
and t h e  minimum p o s s i b l e  i n t e r v a l  i s  de te rmined  by t h e  c o n d i t i o n  of  
independence A t  1. tr+o,where tr+Oi s  t h e  v a l u e  of t h e  argument o f  
t h e  a u t o c o r r e l a t i o n  f u n c t i o n  i n  which t h e  l a t t e r  approaches ze ro .  I 
I n  t h e  second p l a c e ,  independent  measurements may be  s imul taneous ,  
bu t  performed a t  d i f f e r e n t  p o i n t s ,  t h e  d i s t a n c e  between which i s  i 

The  maximum p o s s i b l e  i n t e r v a l  between t h e  independentAx 2 x ~ + ~ .  
! 
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measurements i s  determined by t he  requirement  that  a l l  t h e  measure
ments be l o c a t e d  w i t h i n  the  l i m i t s  of t h e  steady-state random pro
c e s s  be ing  i n v e s t i g a t e d .  

2. I n  t h e  p r o c e s s i n g  of r e c o r d i n g s  f o r  purposes  o f  o b t a i n i n g  
average  magnitudes of f l u x e s ,  it i s  a lways  u s e f u l  t o  c o n s i d e r  t he  
optimum s t e p  ( t a k i n g  t h 6  o r d i n a t e s  and . r e a d i n g s ) ,  s i n c e  t h i s  makes 
it p o s s i b l e  t o  save t i m e  and l a b o r  i n  data p r o c e s s i n g  cons ide rab ly .
Usual ly  t he  optimum s p a t i a l  s t e p  i n  a i r c r a f t  measurements of  f l u x e s  
of  short-wave r a d i a t i o n  l i e s  w i t h i n  l i m i t s  of 0.4-7.0 k m ,  and the  
t i m e  s t e p  i n  ground measurements i s  no t  l e s s  t h a n  1 minute .  

3. Averaging i n  space  o r  i n  t i m e ,  or ave rag ing  acco rd ing  t o  
independent  measurements, makes i t  p o s s i b l e  t o  dec rease  t h e  d i s p e r 
s i o n  of  t h e  average  r a d i a t i o n  f l u x  by an  o r d e r  of  magnitude i n  com
p a r i s o n  w i t h  one momentary measurement. For a f u r t h e r  dec rease  i n  
t h e  e r r o r ,  a c o n s i d e r a b l e  i n c r e a s e  i n  t h e  ave rag ing  s c a l e  i s  r e 
q u i r e d ,  which i s  u s u a l l y  p r a c t i c a l l y  imposs ib l e ,  s i n c e  i n  n a t u r e  
s t e a d y - s t a t e  s i t u a t i o n s  ( f i e l d s  of  c l o u d s )  of  adequate  l e n g t h  are 
r a r e l y  encountered .  From t h i s  fo l lows  t h e  n e c e s s i t y  of  r e v i s i o n  
of methods of expe r imen ta l  de t e rmina t ion  of  r a d i a t i o n  f l u x e s ,  t h e i r  
v e r t i c a l  p r o f i l e s  and r a d i a t i o n  heat i n f l u x e s  i n  t h e  atmosphere.
I n  measurements i n  n a t u r a l  c o n d i t i o n s  we should  bear i n  mind t h e  
f a c t  t h a t  t h e  accuracy  of t h e  r e s u l t  ob ta ined  i s  determined no t  only 
by t h e  accuracy  of  t h e  i n s t r u m e n t s ,  b u t  p r i m a r i l y  by t h e  n a t u r e  of 
t h e  v a r i a b i l i t y  of t h e  q u a n t i t y  be ing  measured. 
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ON THE ACCURACY OF THE AVERAGING O F  
TOTAL RADIATION FLUXES 

V. K. Pyldmaa 

The measurement o f  f l u x e s  of  s o l a r  r a d i a t i o n  n o t  i n f r e q u e n t l y  /93
i s  a s s o c i a t e d  w i t h  t h e i r  ave rag ing  i n  a c e r t a i n  i n t e r v a l  of  t i m e .  
While i n  a c l o u d l e s s  sky ave rag ing  does n o t  p r e s e n t  any s p e c i a l
d i f f i c u l t i e s ,  i n  c l o u d s ,  e s p e c i a l l y  broken c louds ,  because of  t h e  
e s s e n t i a l  v a r i a b i l i t y  of  t h e  r a d i a t i o n  f i e l d ,  t h e  problem of  t h e  
accuracy  tha t  can b e  achieved  unavoidably ar ises .  S ince  t he  na
t u r e  o f  t he  v a r i a b i l i t y  o f  t h e  r a d i a t i o n  f i e l d  i n  t ime depends 
upon t h e  form and q u a n t i t y  of  t h e  c louds  [IV.lg], t h e  accuracy  o f  
t h e  d e t e r m i n a t i o n  o f  t h e  average  f l u x e s  a l s o  must depend upon t h e  
parameters  o f  t h e  c loud  f i e l d .  

By u s i n g  t h e  data concern ing  t h e  v a r i a b i l i t y  o f  t h e  r a d i a t i o n  
f i e l d  from experiment  CIV.191, we w i l l  c o n s i d e r  what tne  p o s s i b l e  
accuracy  of  t he  a v e r a g i n g  o f  t o t a l  r a d i a t i o n  f l u x e s  i n  c e r t a i n  
s p e c i f i c  c o n d i t i o n s  o f  c loud  cover  may b e .  W e  w i l l  s e l e c t  t h e  
r e l a t i v e  mean squa re  e r r o r  of  t h e  e s t i m a t e  of  t h e  average  f l u x  as 
t h e  index  o f  t h e  accuracy  of  ave rag ing :  

Here a* i s  t h e  average  f l u x  o f  r e l a t i v e  t o t a l  r a d i a t i o n  [IV.lg], 
CT& i s  t h e  d i s p e r s i o n  o f  t h e  e s t i m a t e  of t h e  ave rage ,  de te rmined  
from t h e  r e l a t i o n  ( s e e  [2]) 

31-1 

(1' = .EI + 2 ( J P  - x.)r ( / < . ~ t ) l ,  (2)11.1 li=l 

where r i s  t h e  s t a n d a r d i z e d  a u t o c o r r e l a t i o n  f u n c t i o n ;  a2 i s  t h e  
d i s p e r s i o n  of  t h e  random process  under  c o n s i d e r a t i o n ;  A t  i s  t h e  
t ime i n t e r v a l  between a d j a c e n t  r e a d i n g s ;  and M i s  t h e  number of 
r e a d i n g s .  A s  i s  a p p a r e n t  from formulas  (1) and (2), t h e  averag
i n g  accuracy  t h a t  can be achieved  i s  de termined  on t h e  one hand 
by t h e  n a t u r e  of  t h e  v a r i a b i l i t y  of t he  p r o c e s s  b e i n g  i n v e s t i g a t e d ,
and, on t h e  o t h e r  hand, by  t h e  s e l e c t e d  s t e p  between t h e  r e a d i n g
and t h e  ave rag ing  s c a l e .  

As t h e  d i s p e r s i o n s  o2 e n t e r i n g  i n t o  formulas  (1) and ( 2 ) ,  and 
the  average  f l u x  $*, w e  w i l l  use  t h e i r  averaged v a l u e s ,  o b t a i n e d  
from measurements CIV.191. The a u t o c o r r e l a t i o n  f u n c t i o n s  neces
s a r y  f o r  t he  c a l c u l a t i o n  o f  yg+ were o b t a i n e d  acco rd ing  t o  
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measurements at Tyraver and were averaged according to several re
alizations (Fig. 1). The dependence of r(t) upon the quantity of 
cumulus clouds presented in Fig. 1 testifies to the equal value of 
time correlation connections with a considerable amount of cover 
of the sky by clouds and the presence of extensive regions of 
cloudless sky. At the same time r(t) at n = 10 Doints for various 
forms of clouds (10 Ci or Cs, 10 Sc, 10 St, Cu) practically
coincide. It is possible that the essential dependence of r(t) 
upon the form of clouds appears at n < 10, where the joint effect 
of the characteristics of the structure of the cloud cover and the 
characteristic angular velocity of its motion is noticeably felt. 

In problems connected with the averaging of radiation fluxes 

in time, the average flux is either determined for a certain given

interval of time (such as, for example, the average per hour) or 

is given the necessary accuracy of the result, and the averaging

scale in this case is not strictly limited. We will consider the 

possibilities of averaging in these cases. 


For random processes, as is known [2],  an optimum interval 
At0 between specific readings exists, a further decrease of which 
does not lead to an increase in the accuracy of averaging. The

optimum step Ato, determined from the relation [l] 


is presented in Fig. 2, as a function of,thequantity of cumulus 

clouds. Since At0 is determined only according to the form of the 


autocorrelation functions, its value for 10 Cu is applicable also 

for 10 points for the other forms of clouds that have been considered. 


Fig. 1. Averaged autocorrelation 

functions of the total radiation 

flux for various conditions of 

cloud cover. 

1) 2 CU; 2j 3-4 CU; 3) 4-5 CU;

4) 6 CU; 5) 7-8 CU; 6 )  9-1101 CU,-
(Cb); 7) 10 Ci, Cs; 8) 10 Sc; 
9 )  10 S t .  
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The e s s e n t i a l  dependence o f  A t 0  upon t h e  q u a n t i t y  o f  cumulus c louds  /95 
t e s t i f i e s  t o  the  f a c t  t h a t  i t  i s  imposs ib l e  to fo rmula t e  s i n g l e
r u l e s  f o r  s e l e c t i o n  o f  t h e  i n t e r v a l  between r e a d i n g s  f o r  measure
ment o f  r a d i a t i o n  f l u x e s  w i t h  one and the  same e f f i c i e n c y  i n  v a r i 
ous c o n d i t i o n s  o f  c loud  cove r .  

Atcin 
-20 

10 -

Fig .  2 .  Dependence of  t h e  
optimum i n t e r v a l  between 
a d j a c e n t  r e a d i n g s  upon
t h e  q u a n t i t y  of  cumulus 
c louds  f o r  ave rag ing  o f  
t o t a l  r a d i a t i o n  f l u x e s .  

By u s i n g  t h e  v a l u e s  o f  t h e  
optimum s t e p  A t 0  p r e s e n t e d  i n  
F ig .  2 w e  w i l l  c o n s i d e r  w i t h  what 
accu racy  w e  may de te rmine  t h e  
average  t o t a l  r a d i a t i o n  f l u x e s  
p e r  hour  i n  v a r i o u s  c o n d i t i o n s  o f  
c loud  cover .  I n  F i g .  3 t h e  cor
r e spond ing  v a l u e s  o f  y--+ as aQ 
f u n c t i o n  o f  t h e  q u a n t i t y  o f  cumu
l u s  c l o u d s ,  and a l s o  as a f u n c t i o n  
o f  v a r i o u s  forms of c louds  when 
n = 1 0  p o i n t s ,  as c a l c u l a t e d  
acco rd ing  to formulas  (1) and ( 2 ) .  
A s  i s  appa ren t  from t h e  depend
ences  p r e s e n t e d ,  t h e  ave rage  f l u x  
i n  cumulus c louds  i s  de te rmined  
w i t h  t h e  g r e a t e s t  r e l a t i v e  e r r o r .  
I n  t h i s  case  t h e  r e l a t i v e  mean 
squa re  e r r o r  o f  t h e  estimate of  
t h e  average  i n c r e a s e s  w i t h  a 

of  t h e  cover  of  t h egrowth s k y  by
c louds .  If a t  2Cu y p  = 0.06-0.07,  t h e n  a t  g-ml Cu it  r e a c h e s  a 
va lue  of  0 . 2 0 .  

U p  to t h i s  t ime f o r  r e c o r d i n g  o f  r a d i a t i o n  f l u x e s ,  galvano
graphs  of  t y p e  MSShch have been wide ly  used .  The p r i n t i n g  f r e 
quency [ 2 ]  recommended f o r  t h e m  amounts t o  1 0 - 2 0  p o i n t s  p e r  hour .  
I n  F i g .  3 t h e  co r re spond ing  v a l u e s  of y a n  a t  A t  = 3 and 6 minutes  
( c u r v e s  2 and 3)  a r e  g i v e n .  The s m a l l  d i f f e r e n c e  i n  t h e  f l u c t u a 
t i o n  of t h e  cu rves  t e s t i f i e s  t o  t he  r e l a t i v e  p rox imi ty  of  t h e  meas
urement regime recommended i n  [ 2 ]  ( f o r  d e t e r m i n a t i o n  of  t h e  average
t o t a l  r a d i a t i o n  f l u x  i n  an  h o u r )  to t h e  optimum v a l u e .  

W e  w i l l  f u r t h e r  c o n s i d e r  how t h e  accuracy  of t h e  d e t e r m i n a t i o n  
of  average  f l u x e s  changes w i t h  an i n c r e a s e  i n  t h e  a v e r a g i n g  s c a l e  
a t  an unchanged v a l u e  o f  t h e  i n t e r v a l  between r e g i o n s .  For t h i s  
t h e  optimum s t e p  A t  = A t o  i s  used ,  and we w i l l  c a l c u l a t e  y ~ *ac
c o r d i n g  to r a t i o s  (1) and ( 2 )  f o r  v a r i o u s  v a l u e s  of  M .  The  depend
ence of ya * upon t h e  a v e r a g i n g  s c a l e  f o r  v a r i o u s  deg rees  of  t h e  

1 2 1  
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F i g .  3. R e l a t i v e  mean squa re  e r r o r  
o f  t he  ave rage  of t h e  t o t a l  radia
t i o n  f l u x  p e r  hour  i n  d i f f e r e n t  
measurement regimes and under  
v a r i o u s  c o n d i t i o n s  of c l o u s  cover .  
1- cumulus c l o u d s ,  A t = A t o  S t ,  Sc ,  
C i ,  C s ;  2- cumulus c louds ,  At=3 
min; 3- cumulus c l o u d s ,  t = 6  min. 

cover  of t h e  sky by cumulus c louds  as o b t a i n e d  i s  p r e s e n t e d  i n  F i g .
4 .  It i s  a p p a r e n t  t h a t  t h e  n e c e s s a r y  a v e r a g i n g  s c a l e  t o  o b t a i n  a 
r e s u l t  w i t h  a d e f i n i t e  g i v e n  accuracy  e s s e n t i a l l y  depends upon t h e  
c loud  cover .  F o r  example, t o  ach ieve  v a l u e s  of y--+ 0.20  t h e  p e r i o dQ 
of measurements a t  9-10 Cu must be  n o t  less  t h a n  1 hour .  A t  t h e  /96 
same t i m e ,  such a n  accu racy  i s  a l r e a d y  ach ieved  a t  2 Cu by a s i n g l e -
randomly s e l e c t e d  r e a d i n g .  


F i g .  4 .  Dependence of t h e  mean squa re  

e r r o r  of a v e r a g i n g  of t o t a l  r a d i a t i o n  

f l u x e s  i n  cumulus c l o u d s  upon t h e  

ave rag ing  s c a l e .  

A t = A t , ;  1) 2 C U ;  2 ) 3 - 4  CU; 3 )  6 CU;  

4 )  7-8 CU;  5 )  9-1101 C U ,  ( C b ) .  

I I I 1 

@',? 6 d 10n 

F i g .  5. Mean squa re  e r r o r  
o f  e s t i m a t i o n  of  t he  aver 
age t o t a l  r a d i a t i o n  f l u x  
a t  A t = O . 5  min and M=3. 

I n  t h e  network o f  a c t i n o m e t r i c  s t a t i o n s  t h e  s o l a r  r a d i a t i o n  
f l u x e s  acco rd ing  t o  t h e  so -ca l l ed  "urgent  o b s e r v a t i o n s "  a r e  d e t e r 
mined on t h e  basis  of  a s m a l l  number o f  s p e c i f i c  r e a d i n g s  w i t h  an  
i n s i g n i f i c a n t  t i m e  i n t e r v a l  i n  each  p e r i o d .  We w i l l  assume t h a t  
t h e  ave rag ing  i s  performed on t h e  basis  o f  t h r e e  r e a d i n g s  d e t e r 
mined w i t h  a t i m e  i n t e r v a l  A t  = 0 . 5  minutes .  The dependence of  



ya+ upon the  q u a n t i t y  of  cumulus c louds  i n  such  a regime of meas
urement i s  p r e s e n t e d  i n  F i g .  5.  The  r e l a t i v e  mean squa re  e r r o r  
i n c r e a s e s  w i t h  an  i n c r e a s e  i n  t h e  q u a n t i t y  of the c louds  and a t  
7 1 n 1 5 r e a c h e s  a magnitude o f  0.4-0.5,  which i s  obvious ly  i n 
t o l e r a b l e .  A t  1 0  p o i n t s  of  cover  by o t h e r  forms of c louds  (St, Sc,  
C i ,  C s )  t h e  e r r o r  i s  c o n s i d e r a b l y  l e s s ,  a l t h o u g h  a l s o  a t  1 0  St and 
and Sc y-&* > 0 . 2 .  
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ON THE METHODOLOGY O F  THE STUDY O F  THE 
STATISTICAL STRUCTURE O F  GROUND FLUXES O F  

SOLAR R A D I A T I O N  I N  CLOUDY CONDITIONS 

R. G .  Timanovskaya and Ye. M .  Feygel ' son  

I n  the s t u d y  of the  v a r i a b i l i t y  of t o t a l  r a d i a t i o n  f l u x e s  1 9 7
a r r i v i n g  a t  t h e  ea r th ' s  s u r f a c e  i n  cloudy c o n d i t i o n s ,  a cor re la t ion-
a n a l y s i s  of  i n d i v i d u a l  t i m e  r e a l i z a t i o n s  was performed which i s  
v a l i d a t e d  for R' :ady-state  random p r o c e s s e s .  

Some e s t i m a t e s  of t h e  s teady-state  n a t u r e  and optimum p e r i o d
of o b s e r v a t i o n  i n  cumulus and cont inuous  c loud  cover  a r e  g iven  be
l o w .  

CumuJus c louds .  R e a l i z a t i o n s  w i t h  a d u r a t i o n  of  2-6 hours  f o r  
a chezk of t h e  s t e a d y - s t a t e  n a t u r e  o f  t h e  p r o c e s s  were d i v i d e d  i n t o  
s u c c e s s i v e  pa r t s  w i t h  a d u r a t i o n  of  n o t  l ess  t h a n  one hour each .  
The s t a t i s t i c a l  c h a r a c t e r i s t i c s  c a l c u l a t e d  f o r  each  pa r t  of t h e  
r e a l i z a t i o n  and for t he  e n t i r e  r e a l i z a t i o n  as a whole were compared 
w i t h  each  o t h e r .  

A l t o g e t h e r ,  2 0  comparisons were made, examples of which are 
p r e s e n t e d  i n  t h e  t ab le .  The symbols used are  exp la ined  i n  cIV.211. 

From a comparison of t h e  p a r t i a l  and t o t a l  r e a l i z a t i o n s  i t  w a s  
a s c e r t a i n e d  t ha t  w i t h  t h e  p r e s e r v a t i o n  o f  t h e  va lue  o'f t h e  c loud  
cover  t he  average  v a l u e  o f  t h e  f l u x  v a r i e s  bu t  l i t t l e  i n  comparison 
w i t h  t h e  mean squa re  d e v i a t i o n s  G&* 

T h e  d i s p e r s i o n s  of  t h e  f l u x  
and o t h e r  pa rame te r s  o f  t h e  s t a t i s t i c a l  s t r u c t u r e  vary  by n o t  more 
t h a n  2 0 % .  C o r r e l a t i o n  r a d i i  t 2  and p r o b a b i l i t i e s  o f  t h e  second 
mode o f  t h e  d i s t r i b u t i o n  f u n c t i o n  t u r n  o u t  to be  most v a r i a b l e .  

I f  i n  t h e  e x t e n t  of a t o t a l  r e a l i z a t i o n  t h e  cloud cover  
changes,  t h e n  v a r i a t i o n s  of t h e  average  v a l u e  o f  t h e  f l u x  become 
comparable w i t h  t h e  mean squa re  d e v i a t i o n s ,  and the  v a r i a b i l i t y  of 
t h e  o t h e r  pa rame te r s  a l s o  i n c r e a s e s .  

Apparent ly  a n e c e s s a r y  c o n d i t i o n  o f  a s t e a d y - s t a t e  n a t u r e  o f  
t h e  p r o c e s s  o f  v a r i a t i o n  of f l u x e s  i n  cumulus c louds  i n  t i m e  i s  
t h e  p r e s e r v a t i o n  of t h e  degree  of c loud  cover  over  t h e  e x t e n t  of 
t he  p e r i o d  of o b s e r v a t i o n .  This c o n d i t i o n  de te rmines  t h e  upper
l i m i t  o f  t h e  d u r a t i o n  of o b s e r v a t i o n  Tmax. 

For  d e t e r m i n a t i o n  of t h e  lower l i m i t  Tmin t he  t i m e  of estab
l i shment  o f  d i s p e r s i o n s  w a s  cons ide red .  
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Dura-
Date 	 t i o n  0 :  . a .r ea l i 

z a t  i on  
--hrs+

2.3 I 0,624 0,071
3/25/67 2,3 1 1  0.670 0,074 

4,6 1 1 - 11 0,647 0.072 

1.2 I 0.730 0,094 
6 /25/67 	 Y,2 I1 0,715 0,101 

2,4 I + I1 0,722 0,097 

2,2 I 0,789 0,086 
2.2 I1 0.784 0,1227/15/68 4,4 I + I1 0,786 0,104 

~~ 

1.2 I 0,650 0,109 
1,2 I1  0.808 0,122 

7 /3/67 	 1.2 111 0,730 0.102 
2,4 I + I1 0.730 0,119 
2,4 II+III  0.770 0.112 

. s t p i b u t i o n  func t ions  
? s  I p r o b a b i l i t y-


82 206 0.30 1.96 
82 274 0.30 1.96 
82 246 0,30 ),96 

55 219 0.18 1.08 0 ;24 1.02 
82 206 0.18 1.lfk 0 ,,XI 1.96 
68 206 0.18 1,I4 0 ,N ),96 

63 277 0.12 1.02 0*12 1.90 
76 302 0.12 1,I4 0.18 3.96 
70 289 0.12 i ,I4 0.18 3.96 

41 219 0.24 1.14 0 ,'4 1.02 
82 205 0.18 1.14 0,24 1.08 
68 205 0.18 i ,I4 11.24 1.02 
71 219 0.18 1,I4 0.24 1.08 
68 205 0.18 1,I4 0.24 1.08 

0.20 0.10 
0.17 0 $14 
0,17 0.12 

0,13 0.19 
0.15 0.29 
0,13 0,24 

0.12 0.31 
0,10 0$31 
0,08 0.31 

0,25 0.22 
0.13 0,37 
0.12 0 ,I9 
0,19 0,23 
0.13 0,25 

0,26 0,03 
, 0.15 0,16 

/ 2,2 I 0,361 0,070 277 504 0.12 I.20 0.18 i,O8 
5/27/68 2,2 I1 0,733 0.122 315 630 0.24 1,14 0.30 1.08 



Let us assume that a realization of the process Q(t) with 5. 
duration T at a dispersion equal to a2 has been given. We will 
consider the particular intervals of time An(i)T = I(iil)T; n s  

(i = 1, 2, 3 ,  ..., n), in each of which m points of measurement 
are contained: Qj, j = 1, 2, ..., m. 

We will calculate the particular dispersions 


where 
m /99 

2
and then the average dispersion an, determined according to the 

formula n 

z- .-1 2 3:. 
" i=1 

We will determine the maximum value of n at which with a given 

error the following equality is fulfilled: 


a 2 = a .2 

n 


The corresponding interval 2AnT = Tmin determines the minimum 
length of the realization. The optimum period of observation must 

apparently satisfy the condition: 


Tmin * Topt 'ma, 
and 


In Fig. 1 for several realizations of the magnitude of Q in 
cumulus clouds the dependence of the parameter a i / a  * upon the 
length AnT of the interval is presented. From tnese and other / l o o  
similar data (altogether 25 cases were considered) it was ascer
tained that the period of establishment of the dispersion, Tmin 
varies within limits of 20-60 minutes, with an average value of 
40 minutes. 



Fig .  1. Dependence of  t h e  parameter  %z/02 upon t h e  l e n g t h  
A T o f  t he  i n t e r v a l  i n  cumulus c loud  cover .n 

The c o r r e l a t i o n  r a d i u s  t2  i n  cumulus c louds  i s  approximate ly  
e q u a l  to 5-10 minutes .  According to data i n  [ 2 ] ,  one p o i n t  of  
cumulus c loud  cover  i n  summer i s  u s u a l l y  p re se rved  a t  a c o n s t a n t  
va lue  f o r  1-2 hours .  Thus, t he  optimum p e r i o d  of  ground observa
t i o n s  o f  r a d i a n t  f l u x e s  i n  cumulus cover  t u r n s  out  t o  b e  of  t h e  
o r d e r  o f  1-2 hours .  

3;As 2 

AcIdY 0 csI I' 

Fig .  2.  	 Dependence of  t h e  parameter  aE/02 upon t h e  l e n g t h  
t h e  i n t e r v a l  i n  cont inuous  c loud  cover  of v a r i o u s  

AnT o f  
forms . 

Continuous cloud cover  ( o v e r c a s t ) .  I n  F ig .  2 i n d i v i d u a l  ex
amples of t h e  p r o c e s s  of e s t ab l i shmen t  o f  a d i s p e r s i o n  i n  cont inu
ous c louds  of  v a r i o u s  forms are g iven .  It i s  appa ren t  t h a t  t he  
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p e r i o d  Tmin i n  t h i s  c a s e  c o n s i d e r a b l y  exceeds  t h e  t i m e  o f  estab
l i shment  of a d i s p e r s i o n  i n  cumulus c louds .  An i n c r e a s e  i n  Tmin 
i s  no ted  i n  t he  t r a n s i t i o n  from low cont inuous  cove r  ( fog ,  N s ,  S c )  
to c louds  of  t he  midd le  l e v e l  (Ac, opaque, A s )  and t h e n  to cont inu
ous c louds  of t h e  upper  l e v e l  ( C s ) .  

The  necessa ry  a v e r a g i n g  p e r i o d  amounts to n o t  l e s s  t h a n  1 hour 
i n  a case  of c louds  of t h e  lower l e v e l ,  n o t  less  t h a n  1.5-2 hour s  
f o r  t h e  middle  l e v e l ,  and more t h a n  2 hour s  f o r  t h e  upper  l e v e l s .  

The  c o r r e l a t i o n  r a d i u s  t2 i n  cont inuous  c loud  cover  o f  v a r i o u s  
forms v a r i e s  w i t h i n  l i m i t s  of 10-60  minutes  [IV.lg]. 

From t h i s  i t  f o l l o w s  t ha t  t h e  d u r a t i o n  of  r e a l i z a t i o n s  i n  con
t i n u o u s  c loud  cover  must be  of t n e  o r d e r  of 2-10 hour s .  I n  t h i s  
case  t h e  p r o p e r t i e s  of  t h e  c loud  cover  must be p r e s e r v e d ,  which i n  
t h e  case  under  c o n s i d e r a t i o n ,  are n o t  c h a r a c t e r i z e d  by t h e  p o i n t s  
on a s c a l e  o f  t e n .  

The n e c e s s i t y  o f  such a prolonged p e r i o d  of  o b s e r v a t i o n  Topt= /lo1 
* 	2-10 hours  makes t h e  p o s s i b i l i t y  of s t u d y i n g  t h e  s t a t i s t i c a l  
s t r u c t u r e  of t he  t o t a l  r a d i a t i o n  f l u x  i n  cont inuous  c louds  accord
i n g  to data from ground a c t i n o m e t r i c  measurements d o u b t f u l .  I n  
t h i s  c a s e  only  t h e  ave rage  v a l u e s  o f  t h e  f l u x e s  and t h e i r  d i s p e r 
s i o n s  can b e  de te rmined  r e l i a b l y .  
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TOTAL R A D I A T I O N  AT THE SURFACE O F  THE EARTH 
I N  VARIOUS CONDITIONS OF CLOUD COVER 

v. K. Pyldmaa and R. G. Timanovskaya 

The t o t a l  r a d i a t i o n  Q i s  a n  impor t an t  component o f  t h e  heat 
ba l ance  of t h e  atmosphere.  I n  c loud  c o n d i t i o n s  i t  i s  b a s i c a l l y
de termined  by cloud cove r  and i s  s u b j e c t ,  t o g e t h e r  w i t h  the  l a t t e r ,  
t o  c o n s i d e r a b l e  v a r i a t i o n s .  For  purposes  of i n v e s t i g a t i n g  t h e  v a r i 
a b i l i t y  o f  s o l a r  r a d i a t i o n  a t  t h e  s u r f a c e  o f  t he  e a r t h  i n  t i m e  i n  
v a r i o u s  forms and d e g r e e s  o f  c loud  cover  i n  March 1967 a t  two p o i n t s
i n  Dnepropetrovskaya O b l a s t '  (Zhovtnevoye and Dnepropetrovsk) ,
l o c a t e d  a t  a d i s t a n c e  of about  1 1 0  k m  from each  o t h e r ,  cont inuous  
r e c o r d i n g  of the  t o t a l  r a d i a t i o n  f l u x e s  w a s  performed. I n  autumn 
1966 these  measurements w e r e  conducted a t  t h e  Zvenigorod S c i e n t i f i c  
S t a t i o n  of  t h e  IFA AN SSSR and s i n c e  May 1967 a t  t h e  I n s t i t u t e  o f  
Phys ic s  and Astronomy o f  t h e  A N  ESSR a t  Tyraver .  

Yanishevskiy pyranometers  s e rved  as r a d i a t i o n  d e t e c t o r s ,  and 
au tomat i c  p o t e n t i o m e t e r s  as r e c o r d e r s .  The q u a n t i t y  and form of  
t h e  c louds  d u r i n g  t h e  measurements a t  Zvenigorod were de te rmined  
acco rd ing  to photographs  o f  t h e  sky t a k e n  a t  a n  i n t e r v a l  o f  30 
minutes  and a t  Tyraver  t h e  q u a n t i t y  of c loud  cover  w a s  de te rmined  
v i s u a l l y .  

The  measurements were conducted only  w i t h  c louds  of  one form, 
when t h e  c loud  cover  v a r i e d  by no t  more t h a n  1 p o i n t .  

The d u r a t i o n  of  t h e  t ime se r ies  caused by t h i s  requi rement
v a r i e d  from 1 t o  5 hour s .  The p r o c e s s i n g  o f  t h e  data i n  t h e  form 
of  s p e c i f i c  r e a d i n g s  t a k e n  from a cont inuous  r e c o r d i n g  t a p e  w i t h  
an  i n t e r v a l  o f , 9  or 1 2  seconds w a s  performed on a Minsk e l e c 
t r o n i c  d i g i t a l  computer. For approximate e x c l u s i o n  of t h e  / l o 2  
d i u r n a l  f l u c t u a t i o n  o f  t h e  t o t a l  r a d i a t i o n ,  t h e  f o l l o w i n g  dimen
s i o n l e s s  q u a n t i t y  w a s  s u b j e c t e d  t o  a n a l y s i s :  

Q
Q* = 	-
QO 

where Qo determines  t he  ave rage  d i u r n a l  f l u c t u a t i o n  of t h e  p o s s i b l e  
t o t a l  r a d i a t i o n  o f  a c l o u d l e s s  sky f o r  t h e  g iven  g e o g r a p h i c a l  p o i n t
and c a l e n d a r  day [l]: 



Here g is a coefficient characterizing the optical thickness of 

the atmosphere and the albedo of the underlying surface. 


For Q* the following statistical characteristics were calcu
lated: average fluxes a*, dispersions o2

Q* ' variability factors 
VQ*, distribution density p(Q*), standardized autocorrelation 


functions r(t), and intercorrelation functions r*(t) with obser

vation at two points. 


TABLE I 


NO- . J -
Q" 

2 I 
VQ%Cloud o f  

cover re a 1 - m -
ave L i m i t s  L i m i t siza .vu- Qf Y y r ions.  - Pa511it-y lab1 l t g  

. -A 

-mi-& 2 0.72 0,71-0474 0,012 0,008-0,017 -0,15 0.12-0.18 
10 cs 3 0,65 0,G4-0,67 0,027 0,012-0,010 0.18 0,10-0,28 

)m10 ?zs 4 0.48 0,43-0,50 0.010 0,003-0.026 0,19 0,11-0,33 
Ac 4 0.71 0,70-0.74 0,030 0,030 0,25 0,23-0,26 __ 

10 sc  7 0,31 0,14-0,55 0,004 0,002-0,012 0.21 0,13-0,37 
10 st G 0.21 0.1 1-0.40 0.002 0.001-0.004 0,30 0,06-0,50 

fog 3 0.31 0,30-0.32 0,003 0,002-0.004 0,18 0.14-0,21 
10 Kr; 4 0.21 0.21--0,26 3,003 0,001-0,005 0,20 0,13-0.27 
-n C u ,  (Cb) 2 0.45 0,34-0,G1 3,039 0.030-0,048 0.44 0,36-0,51 

In Table 1, where the average values and boundaries of vari
ability of certain statistical characteristics obtained for vari
ous cloud conditions are given, it follows that even in conditions 
of low continuous cloud cover (fog, Ns, St, Sc) the total radia
tion fluctuates noticeably. In the transition from low continuous 
cloud cover (fog, Ns, S t )  to continuous cloud cover of the middle 
level (As, Ac) and then to cumulus cloud cover (Cu) the intensity
of the fluctuation increases noticeably. 

As a rule, the average flux a* increases from clouds of the / i o 3lower levels to clouds of the middle and upper levels. Usually -
in continuous stratoform clouc! cover of the lower level a* < 0.5. 

The statistical characteristics of the field Q* in cumulus 

cloud cover have been considered in more detail. In Fig. 1 the 




dependence of the magnitude of the average flux a* upon the quanti
ty of Cu is given. We may, in the first approximation, describe 
the clearly expressed linear dependence in the range n = 2-10 
by the formula 

-

Q* = 1.20 - 0.08 n. 


The mean square deviations o2 acquire the maximum value at n = 
&* 

= 5-6 (Fig. 2); the region of greatest values of the variability
factors VQ* is shifted in the direction of greater coverage of the 
sky, and, precisely, VQ*,max is observed at n = 7-8 points (Fig. 3) .  

TABLE 2 

- ~- -
Cloud 

Qmax Mode Prob.of Mediancover' Qmin mode __ -~ -~ ~ ~ ~ 

10 Ns 0.12 0,3G 0.24 0.42 0.24 
10 St 0,12--0,31 0,30-0,88 0,21-0,3G 0.30-0,55 0.2I-O.'tc) 
9 St fr Oq43-Oq4S 1,17-1,21 0.63 0,13--0,t7 0,63-0,6;5 

fog 0,18-0,20 0,42-0,60 0,30--0.36 1),25-0.44 0,30-0,;18 
10 As 0.24-0.35 0.72-0.74 0.36-0,45 0,25-0,34 0.42 -0.48-
-
1101 Ac- 0.42 0,96 0.54 0.13 0 666 

9 Ac 0.52 i. ,20. . 0.98 0,IG 0.94 
5 Cu f r  0.43 1.20 0.45 g0.94 0.07 & 0.2: 0.95 
7 c u  0.42 1,20 0.48 & l . O S  0 , l G  & 0,!4 0,72 
9 c u  0,29 1,34 0,50 &P.?C I),'? & 0,o: 0.54 

1101 s c  0.39-0.51 0,90 0,50-0,65 0 ,  i2-0,1 s 0.59-0 , I 5  

I 

For the segments of time realizations considered by us the disbu
tion densities of the flux, &*, were determined. In FLg. 4 ex
amples of the distributions obtained are presented, and in Table 2 
some of their numerical parameters. As a rule, at 10 points of 
strataform cloud cover the distribution has a monomodal form with 
values of the mode and the medium being very close. However, with 
a decrease in the quantity of clouds and, consequently, with an 
increase in the role of direct radiation of the sun in the total 
radiation flux, the difference between the values of the mode and 
the median is increased. The greatest distinction is observed in 
cumulus cloud cover at which the distribution has a bimodal form. 
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to measurements at 

-lJ 

48 
Fig. 1. Dependence of the average 1104  

- .\ O@& m e  0 .  1- accordingflux Q* upon the quantity of Cu. - 0 .4s Tyraver; 
0 0 2- according to measurements at 

0 
o f  0 0. Zvenigorod.4 4 - 0 2  

I I I I 

44 
0 e 

I- o 0 

Fig. 2. Dependence of the mean 

43 - square deviation of the flux Q* 

upon the quantity of Cu. 
-&> 1- according to measurements at 

Tyraver; 
2- according to measurements at

4f-7 ,' . /  Zvenigorod.
/ 0 2  

I I 

e 
46 - Fig. 3. Dependence of the vari

0 0 

ability factor of the flux Q* 
4 4  - e 

upon the quantity of Cu. 
1- according to measurements at 

Tyraver;

4.2 - / 2- according to measurements at 
/ o  e 0 2  

/
/ 

I I r. I Zvenigorod. 

The first hode, corresponding t o  small values of Q*, characterizes / i o 5
the radiation flux when the sun is covered by clouds. The second 
mode corresponds to conditions when the total radiation flux is 

determined by direct and scattered radiation. In cumulus cloud 

cover the scattering of direct radiation of the sun by the lateral 




surfaces of the clouds also plays a notable role, as a result of 
which the range of variability of Q* widens, and a value of Q* > 1 
is observed. 

b 1 C 

Fig. 4. Distribution densities 

of fluxes Q* 

a-1) 10 St; 2 1 9 S t ;  b) 10 Ns;

c) 10 As; d) 1101 Sc; e-1) 9 Cu;
2) 5 cu fr. 


Fig. 5. Standardized autocorre

lation functions. 

1-41 primarily continuous cloud 

cover-(16, 9," 29, 31 March); 

5 )  cumulus cloud cover (25 March):- _
6 1 7 )  various cloud cover (15, 23 
March) 

\ 

For cases of simultaneous recording of total radiation fluxes 
with a duration from 5 to 8 hours at the Zhovtnevoye and Dne rope- /IO6
trovsk points, the average fluxes G* and their dispersions CY3 

&* 
were calculated (Table 3 ) ,  and also the intercorrelation functions 
r*(t>, which are given in Fig. 5. 

If, according to the visually estimated state of the  cloud 
cover approximately the same situations are observed at both poin;ts 
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t h e n  the  t o t a l  r a d i a t i o n  f l u x e s  t u r n  ou t  t o  be  c l o s e  t o  each o t h e r ,  
and t h e  magnitudes of  r*(t)are p o s i t i v e ,  and t h e  c o r r e l a t i o n  func
t i o n  i s  smooth. I n  t h i s  case  t h e  i n t e r c o r r l e a t i o n  may b e  r e l i a b l e  
or weak. S u f f i c i e n t l y  r e l i ab le  c o r r e l a t i o n  i s  c h a r a c t e r i s t i c  f o r  
c a s e s  when at  bo th  p o i n t s  i t  i s  p r i m a r i l y  cont inuous  c loud  cover  
of the  lower or middle l e v e l s  t h a t  were no ted  ( F i g .  5 ,  cu rves  1 - 4 ) .  
I n  broken c loud  cover  o f  t he  lower l e v e l  (Cu, Sc )  t h e  magnitudes
of Q* c o r r e l a t e  on ly  weakly w i t h  each o t h e r  (F ig .  5, curve  5 ) .  

Table 3 

(March: G-= 0; 4 Cloud 
cover- ~ 

0; I 

.-

Cloud 
cover  

'3 0,290 0.055 0.160 0,034 f o g  
16 0,G:W 0.323 - 0,744 0.250 9 Ac 
24 0,470 0,182 1101As,Ac 

c_- 0.520 0.175 10 As, Ac 

'aate Z h  vtnev Ye xropc t r o v s k  

29 0.508 0.248 llOlAc 0.874 0,208 8-10 AC
--
31 0,290 0,125 ll0lSC 0.530 - 10 Ac-
20 I),r;"; 0,207 10 St, Ci,Ac 0 ,w15 0,203 ! ) - I O  Sc 
25 u ,645 0.323 7 c u  0.5f30 0.314 7 cu 
19 9,588 - f.og , 10St  0,737 - rag ,9st f r  
15 0,487 0,173 As, S t  fr 0,171 0,088 10 S t  

23 0.917 0,350 AS, cloud- 0,300 0,087 esg  :, si 
l ess  

I f  the m e t e o r o l o g i c a l  c o n d i t i o n s  a t  t h e  measurement p o i n t s  
were d i f f e r e n t  t h e n  the  c o r r e l a t i o n  between t h e  f l u x e s  e i t h e r  w a s  
l a c k i n g  or w a s  r e p l a c e d  b y  an a n t i - c o r r e l a t i o n  ( F i g .  5,  curves  6 ,  
7 )  
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SOME PARAMETERS O F  CUMULUS CLOUDS OBSERVED BY 
PHOTOGRAPHS OF THE SKY AND FROM 
GROUND ACTINOMETRIC MEASUREMENTS 

R .  G .  Timanovskaya and Y e .  M. Feyge l ' son  

The complex o f  measurements d e s c r i b e d  i n  cIV.211 made it pos- /lo7 
s i b l e  t o  o b t a i n  c e r t a i n  i n f o r m a t i o n  conce rn ing  cumulus c louds  i n  
t h e i r  d i s t r i b u t i o n  throughout  t he  sky .  For t h i s ,  photographs of 
t h e  sky were used,  cont inuous  r e c o r d i n g s  of t h e  r e a d i n g s  o f  a n  
a c t i n o m e t e r ,  and a l s o  measurements o f  t h e  wind v e l o c i t y  a t  t h e  
l e v e l  o f  t h e  c louds .  The d e v i c e  f o r  photographing  t h e  sky and t h e  
methodology of c a l c u l a t i n g  t h e  q u a n t i t y  of c louds  were d e s c r i b e d  
i n  C11. 

The r e c u r r e n c e  of t h e  g e n e r a l  q u a n t i t y  of  c louds  invo lved ,  n ,  
o b t a i n e d  from 385 photographs  i n  c o n d i t i o n s  when t h e  magnitude of  
n v a r i e d  w i t h i n  l i m i t s  o f  1 5  n L 9 i s  p r e s e n t e d  i n  T a b l e  1. 

T a b l e  1 

I n  T a b l e  2 the d i s t r i b u t i o n  o f  t h e  ave rage  z o n a l  number of  
p o i n t s  of c loud cove r ,  P c n ,  wi th  r e s p e c t  to a n g u l a r  zones (aiP = 10") 
i s  g iven  f o r  v a r i o u s  g e n e r a l  r e l a t i v e  q u a n t i t i e s  of  t h e  c louds .  
I n  t h e  nex t  t o  t h e  l a s t  column i n  T a b l e  2 t h e  ave rage  v a l u e s  of 
t h e  g e n e r a l  r e l a t i v e  q u a n t i t y  o f  c louds  w i t h i n  t he  l i m i t s  o f  each  
g r a d a t i o n  are given.  The g e n e r a l  v a l u e  of t h e  b a l l  number i s  c a l 
c u l a t e d  acco rd ing  t o  t h e  formula  

m 

a t  g iven  v a l u e s  of  nP
i
. Here 2q 

i 
i s  t h e  r e l a t i v e  a r e a  of  t h e  angu

l a r  zone APi; m i s  t h e  number of zones.  



The data i n  Table  2 are p r e s e n t e d  i n  F i g .  1, t o g e t h e r  w i t h  
t he  t h e o r e t i c a l  cu rves  from [2]. The  average  data of  t h e  obser 
v a t i o n s  a g r e e  e x c e l l e n t l y  w e l l  w i t h  t h e  c a l c u l a t i o n  a t  3 5 n 2 6 ,  
which confirms t h e  c o r r e c t  s e l e c t i o n  o f  t he  Gaussian s t a t i s t i c a l  
model of t h e  d i s t r i b u t i o n  of cumulus c louds  throughout  t h e  sky  i n  
[2]. However, if there  are f e w  c louds  ( n  5 2) or i f  there  are  
many of t h e m  ( n  =: 7 ) ,  t h e  photographic  number of p o i n t s  of  c loud  
cover  e s s e n t i a l l y  d i f f e r s  from t h e  c a l c u l a t e d  v a l u e .  Probably i n  
these c o n d i t i o n s  t he  d i s t r i b u t i o n  of c loud cover  th roughout  t h e  
sky f o r  ground o b s e r v a t i o n s  c e a s e s  to be s t a t i s t i c a l l y  homogeneous / i o 8
and Gauss ' s  l a w  t u r n s  o u t  to be i n a p p l i c a b l e .  

TABLE 2 
. .  

A 0  Number of 
-ieri.1 

, e l .  
)oin+sj 

n 


0,7 13 

-
io-70 70-80 

1.7 
3 .o 
4.3 
5.2 
n,5 
7.4 

7.7 
7.9 
9 8 

c a s e s  

1,5 
1 .5-2.5 
2.5-3.5 
3 . 5 - 4 . 5  
4.5-5 .5  

5.5-6.5 
6.5-7.5 
7.5--8.5 
8.5-9.5 

0 0 .I 0.3 0.4 0.5 1.2 
0,8 0 . 9  1.2 1.6 2.O 2.3 
1.8 2 .o 2.0 2.2 2 "4 3 .O 
2.7 2 . 7  :1 , I )  3.3 3.4 3 .o 
3.9 :+. ! I  4.2 4.4 
4.8 4 .!J 5,3 5.3 
7.2 0.8 6.1 6.4 
8.6 8.2 7.7 7.2 
9,6 9 . 2  8.5 8.6 

2,O 
2 .9  
3.9 
4.9 
G.0 
7.1 
7.9 
9 .0  

46 
58 
7 9  
56 
55 
36 
2 3  
1 9  

4.0
It.() 

5.0 

6.4 

8.4 
9.2 

5.2 
6.3 
8.0 
8.8 

Aside from t h e  d i r e c t  data d e s c r i b e d  above, t h e  a u t h o r s  a t 
tempted t o  e x t r a c t  i n f o r m a t i o n  r e l a t i v e  to c loud  cover  from a c t i n o 
m e t r i c  measurements. Such a p o s s i b i l i t y ,  j u s t i f i e d  by t h e  h i g h
s e n s i t i v i t y  of f l u x e s  of  s o l a r  r a d i a t i o n  to t h e  appearance of  
c louds ,  i s  d i s c u s s e d ,  f o r  example, i n  [ 3 ] .  

The r e l a t i v e  d u r a t i o n  o f  sunsh ine  so may be d e f i n e d  as t h e  
f r a c t i o n  of t h e  p e r i o d  of  o b s e r v a t i o n  cor responding  t o  the  condi
t i o n  S > E, where S i s  the  momentary f l u x  of s o l a r  r a d i a t i o n  meas
u red  by t h e  a c t i n o m e t e r ,  E i s  t h e  t h r e s h o l d  f l u x  estimated below. 
T h i s  f r a c t i o n  may b e  found i f  t h e  f u n c t i o n  of t he  p r o b a b i l i t y  d i s 
t r i b u t i o n  r e l a t i v e  to t he  magnitudes o f  d i r e c t  s o l a r  r a d i a t i o n  i s  
known similar to t h e  f u n c t i o n  p r e s e n t e d  i n  cIV.211. 

It i s  appa ren t  t h a t  t h e  p r o b a b i l i t y  o f  the  second mode S2 of 
t h e  d i s t r i b u t i o n  cu rve  makes t h e  b a s i c  c o n t r i b u t i o n  to t h e  q u a n t i t y  
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so. Together  w i t h  t h i s ,  the  cu rves  i n d i c a t e  t h a t  t h e  r e c u r r e n c e  
of  rather l a r g e  f l u x e s  of s o l a r  r a d i a t i o n ,  Si where S1 << Si < S2 

(S1 i s  t h e  f i r s t  mode) i s  adequa te ly  g r e a t .  Apparent ly  t h e  f l u x e s  
Si are determined by the  p r o b a b i l i t y  of "semi- t ransparent"  s ta tes  
of the sky  o r i g i n a t i n g  i n  t h e  cove r ing  of t h e  sun  b y  o p t i c a l l y  t h i n  
c louds  o r  i n  p a r t i a l  cove r ing  of  t h e  sun  by c louds .  These a l s o  
i n c l u d e  c o n d i t i o n s  of f i c t i t i o u s  t r a n s p a r e n c y ,  o r i g i n a t i n g  because 
of t he  l n e r t i a  of t h e  ac t inomete r  and t h e  p o s s i b l e  e n t r y  of l i g h t
r e f l e c t e d  by t h e  edges of t h e  c louds  i n t o  t h e  i n s t r u m e n t .  I n  the  
c o n s i d e r a t i o n  of t h e  f l u x e s  Si t h e  magnitude of  so i s  determined 
acco rd ing  t o  t h e  formula 

Here p2- i s  t h e  p r o b a b i l i t y  o f  the  i - g r a d a t i o n  of S2-i on t h e  / log 

p r o b a b i l i t y  d i s t r i b u t i o n  curve  p reced ing  the  second mode. The 

number k of  g r a d a t i o n s  cons ide red  i n  formula ( 2 )  w a s  determined 

accord ing  t o  t h e  maximum va lue  of t h e  l i n e a r  c o r r e l a t i o n  f a c t o r  r 

between t h e  magnitydes of  so and s*, and a l s o  so and a*, where s* 

.and a* are t h e  average  r e l a t i v e  d i r e c t  r a d i a t i o n  f l u x e s  and t o t a l  

r a d i a t i o n  f l u x e s  f o r  each  p e r i o d  of o b s e r v a t i o n .  Corresponding 

r e g r e s s i o n  cu rves  a t  d i f f e r e n t  v a l u e s  of t he  parameter  k are pre 

s e n t e d  i n  F ig .  2 .  


Fig .  1. D i s t r i b u t i o n  of t h e  zona l  
p o i n t  number o f  cumulus cloud cover .  
1) c a l c u l a t e d  data; 
2 )  average  data from o b s e r v a t i o n s .  
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Fig. 2. Connection between d u r a t i o n  of s u n l i g h t  so and average-
r e l a t i v e  f l u x e s  of t o t a l  r a d i a t i o n ,  &*, and between so 

and t h e  average  r e l a t i v e  f l u x e s  of  d i r e c t  r a d i a t i o n  3% 
( b )  

It i s  appa ren t  t h a t  t h e  e s s e n t i a l  s c a t t e r i n g  of t h e  p o i n t s  
a t  k = 0 w i t h  a growth of  k i s  r e p l a c e d  by a more r e g u l a r  depend
ence of  s* and &* upon s0, and t h e  c o e f f i c i e n t  r i n c r e a s e s  simul

t aneous ly .  Our expe r i ence  has demonstrated t h a t  we may always -f i n d  t h e  optimum number k = ko i n  formula (1) from t h e  c o n d i t i o n s  
/110 

Since  t h e  second mode of  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  more v a r i 
a b l e  t h a n  t h e  f i r s t ,  i n  p r a c t i c e  it t u r n e d  o u t  to be more conven
i e n t  to determine  t h e  d u r a t i o n  o f  s u n l i g h t  acco rd ing  to t h e . f o r m u l a  

where p l + i  i s  t h e  p r o b a b i l i t y  o f  t h e  i - t h  g r a d a t i o n  f o l l o w i n g  the 

f i r s t  mode. I n  t h i s  c a s e  u s u a l l y  kl =: 7 occur s  a t  a s t e p  w i t h  

r e s p e c t  to g* e q u a l  to 0.06 .  It t u r n s  ou t  tha t  t h e  average  fluxes 
of d i r e c t  r a d i a t i o n  and t o t a l  r a d i a t i o n  are  b a s i c a l l y  formed i n  
c o n d i t i o n s  when t h e  random v a l u e s  of  d i r e c t  s o l a r  r a d i a t i o n  s a t i s f y  
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t he  i n e q u a l i t y  S 1 0.72-0.44 cal/cm2 min a t  3 5 O  S S 50°. The’ 
t i m e  i n t e r v a l  cor responding  t o  these c o n d i t i o n s  de te rmines  the  
d u r a t i o n  of  sunshine .  

The proposed method of deter
mina t ion  of  the d u r a t i o n  of sun
s h i n e  acco rd ing  t o  t h e  ac t inomete r  
i s  q u a n t i t a t i v e .  A s  w a s  i n d i c a t e d  
i n  141, t h e  use  of a n  ac t inomete r  
f o r  d e t e r m i n a t i o n  of so has a nwn
b e r  of advantages  i n  comparison 
w i t h  t h e  use  of a h e l i o g r a p h  f o r  
t h i s  purpose,  i n  p a r t i c u l a r  i n  t h e  
p o s s i b i l i t y  of  automation of  pro
c e s s i n g  153. 

Z  

0 1  I n  Fig.  3 t he  connec t ion  of
- 2  

fl ;* i 4  Lis 15. t h e  d u r a t i o n  of  sunshine  w i t h  t h e  
g e n e r a l  p o i n t  number o f  c loud cover  
i s  p r e s e n t e d .  Usual ly  w e  assume 

Fig .  3. Connection of t he  dura- tha t  between these  parameters t h e  
t i o n  of  sunshine  w i t h  t h e  fo l lowing  r e l a t i o n  holds  
g e n e r a l  p o i n t  number n (1) and 
w i t h  t he  zonal  number no ( 2 )  so = 1 - n  (4) 
i n  t he  d i r e c t i o n  t o  the  sun. 

(n  i s  i n  f r a c t i o n s  of a u n i t ) ,  /111 
which i s  n a t u r a l  i n  t h e  assumption

tha t  t h e  c louds  are a b s o l u t e l y  opaque. With c o n s i d e r a t i o n  of  t he  
e f f e c t  of semi- t ransparency,  e q u a l i t y  ( 3 )  must be r e p l a c e d  by the 
i n e q u a l i t y  

so > 1 - n ,  

which i s  a l s o  observed i n  F ig .  3. 

Each p o i n t  i n  t h i s  drawing cor responds  t o  t h e  average  p o i n t  
number of t h e  cloud cover  i n  p e r i o d s  of t ime t h a t  a r e  no t  less  t h a n  
2 hours  and t o  the  r e l a t i v e  d u r a t i o n  of sunshine  f o r  t h e  same per 
i o d .  The s c a t t e r i n g  of  p o i n t s  i n  F ig .  3 i s  ve ry  g r e a t  , b u t  never
the less  t h e  v a l i d i t y  of i n e q u a l i t y  ( 4 )  i s  obvious.  

I n  t h i s  same drawing t h e  connec t ion  between t h e  q u a n t i t i e s  so 

and ng ( t h e  zonal  p o i n t  number i n  t h e  d i r e c t i o n  o f  t h e  sun )  i s  pre
sented .  The fo l lowing  r e l a t i o n  ho lds  
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which t e s t i f i e s  t o  t he  c l o s e r  connec t ion  of  t h e  d u r a t i o n  of sunshine  
w i t h  t h e  zonal  p o i n t  number i n  t h e  d i r e c t i o n  of t h e  sun t h a n  w i t h  
t he  g e n e r a l  p o i n t  number. Together  w i t h  t h i s  i t  i s  apparent  t h a t  
t he  d u r a t i o n  of sunshine  i s  n o t  determined e n t i r e l y  by the zona l  
p o i n t  number e i the r .  It i s  apparent  t ha t  there  are r e a l  s ta tes  of  
"semi-transparency",  cons ide red  i n  t he  de te rmina t ion  of so' 

It w a s  observed t h a t  t h e  s c a t t e r i n g  of t h e  p o i n t s  i n  F ig .  3, 
i f  no t  e n t i r e l y  exp la ined  b y  t h e  c o n s i d e r a b l e  dependence of t h e  quant 
t y  so upon t h e  l i n e a r  dimensions of  t he  c loud ,R , determined accord
i n g  t o  a u t o c o r r e l a t i o n  f u n c t i o n s  CIV.211, i s  p a r t i a l l y  exp la ined  by
t h i s  f a c t .  T h i s  dependence, as p r e s e n t e d  i n  F ig .  4 ,  i n  t u r n  i s  
probably  caused by t h e  i n c r e a s e  i n  t he  number of c louds  i n  the sky  
w i t h  a dec rease  i n 8  a t  n = cons t  and a n  i n c r e a s e  i n  t h e  area of  
t h e i r  p e r i p h e r a l  s emi - t r anspa ren t  parts.  

F ig .  4 .  Dependence of  t h e  d u r a t i o n  
of  sunshine  upon t h e  dimensions 
of c loud  format ions .  

The c h a r a c t e r i s t i c  of  c loud cover  so proposed f o r  r educ ing  the  
f l u x e s  to parameters has a p h y s i c a l  n a t u r e  c l o s e l y  connected w i t h  
t h e  e f f e c t i v e  t r anspa rency  of  t he  c louds  ( i n  d i s t i n c t i o n  from t h e  
p u r e l y  geomet r i ca l  parameter n ) .  The re fo re ,  t h e  less t h e  o p t i c a l  -

d e n s i t y  of t h e  c l o u d s ,  t h e  more s i g n i f i c a n t  must be  t h e  d i f f e r e n c e  
between t h e  parameters  n and s o .  W e  may hope t h a t  t he  parameter  

so makes i t  p o s s i b l e  t o  c l a s s i f y  f l u x e s  wi thout  a d d i t i o n a l  informa
t i o n  r e l a t i v e  to t h e  form of c loud  cover.  The advantages  of  t h i s  
parameter  i n  c o n d i t i o n s  of cont inuous  c loud  cover  are obvious-
f r e q u e n t l y  t he  cont inuous  c loud  cover  i s  n o t  t o o  dense o p t i c a l l y  
( C i ,  Ac) and causes  a p p r e c i a b l e  f l u c t u a t i o n s  of t h e  r a d i a t i o n  f l u x e s  
cIV.191. The d e t e r m i n a t i o n  of  t h i s  parameter  i s  performed w i t h i n  
t h e  framework of a c t i n o m e t r i c  measurements and does n o t  r e q u i r e
a d d i t i o n a l  o b s e r v a t i o n s .  
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A l l  these c o n s i d e r a t i o n s  are t e n t a t i v e  and r e q u i r e  more com
p l e t e  v a l i d a t i o n  and checking .  It i s  n e c e s s a r y  p r i m a r i l y  to a s c e r 
t a i n  t o  what deg ree  t h e  r e a d i n g s  o f  the  a c t i n o m e t e r  are i n  agreement 
wi th  the  t r u e  t r a n s p a r e n c y  of  the  c louds .  

However, regardless of the  answer t o  t h i s  q u e s t i o n ,  w e  may
affirm tha t  t h e  parameter so i s  more c l o s e l y  connec ted  w i t h  f l u x e s  
of d i r e c t  s o l a r  r a d i a t i o n  and total s o l a r  r a d i a t i o n  t h a n  the p o i n t
number of the  c loud  cove r .  T h i s  a f f i r m a t i o n  i s  based on a compari
son of t he  dependences o f  v a r i o u s  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  
f l u x e s  upon so and n.  
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FLUXES OF SOLAR RADIATION AT THE SURFACE OF THE EARTH 

IN CUMULUS CLOUD COVER 


R. G o  Timanovskaga and Ye, Me Feygel'son 


For a description of the variability in time of fluxes of 

solar radiation, as a function of the state of cumulus cloud cover,

at the Zvenigorod Scientific Base of the IFA since autumn 1966 a 

complex of measurements has been conducted. 


In the hours near noon fluxes of direct radiation and total 

radiation were recorded continuously (for 2-5 hours), measured by 

an actinometer and a pyranometer designed by Yu. D. Yanishevskiy. /113
Simultaneously, not less frequently than every half hour, the sky -
was photographed and the zonal and general relative number of points
of the cloud coverage were calculated. Every hour, by means of 
weather  balloons, .tn-e-wlndvelocity v at the level of Efle c louds  
was measured. The methodology of the actinometric measurements, 
calculation of the quantity of clouds, and statistical processing
of the data were eplained in [1,21 and [IV.lg]. 

J-. 


..-
Fig. 1. Connection between the 
average relative fluxes s* and 
Q* and the parameters of the 
cloud cover s0 and n. 

The relative fluxes of direct solar radiation and total solar 

radiation were considered, as determined according to the formulas 
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II 

-
The average  v a l u e s  of t h e  r e l a t i v e  f l u x e s  z*, Q*; t h e i r  d i s 

p e r s i o n s  O;*, c r G * ;  v a r i a b i l i t y  f a c t o r s  Vs*, VQ,; t h e  d i f f e r e n t i a l  
and i n t e g r a l  d i s t r i b u t i o n  f u n c t i o n s ,  p (S*) ,  p ( Q * ) ,  and P(S*), P ( Q * ) ;
and a l s o  t h e  s t a n d a r i z e d  a u t o c o r r e l a t i o n  f u n c t i o n s  r ( t ) .  These 
c h a r a c t e r i s t i c s  w e r e  c a l c u l a t e d  acco rd ing  t o  i n d i v i d u a l  t i m e  real
i z a t i o n s ,  which i s  q u i t e  l a w f u l  f o r  random s t e a d y - s t a t e  p r o c e s s e s
[Iv.lS]. R e a l i z a t i o n s  w i t h  a d u r a t i o n  of about  2 .2  hours  a t  1000 
s p e c i f i c  r e a d i n g s  i n  each  c a s e  w e r e  s e l e c t e d .  A l t o g e t h e r ,  60 such  
r e a l i z a t i o n s  were cons ide red .  

I n  T a b l e  1 the  average  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of f l u x e s  
S* and Q* a r e  g iven  f o r  the f o u r  g r a d a t i o n s  of t h e  parameter  so, 

where so i s  t h e  d u r a t i o n  o f  sunsh ine ,  determined acco rd ing  t o  t he  011 

a c t i n o m e t e r  CIV. 201. 

.. 
=. .* .* . 

.. 
Fig .  2 .  Dependence of t h e  d isper 
s i o n  of the d i r e c t  r a d i a t i o n  f l u x  

Cc/? I/?, , ..*..,- o2S" upon t h e  pa rame te r s  so and n ,  
I ,- and a l s o  t h e  d i s p e r s i o n  of  t h e  

404 . t o t a l  r a d i a t i o n  f l u x  06%upon so. -
.) 4 6 8 II 

The  connec t ion  between t h e  average  v a l u e s  of f l u x e s  S* and Q* 
and t h e  q u a n t i t i e s  n and s o ,  p r e s e n t e d  i n  r e f .  [l] and i n  F i g .  1, 
i s  d e s c r i b e d  by e q u a t i o n s  of l i n e a r  r e g r e s s i o n  of  t h e  form 

1 
 -
Q' = 0.70~O+ 0.32 (f =0.91), 

5'' = 1.00~0-0.04 (r =0.96),
-

- Q'= 1.24 -0.09n (r  =0.85),!-.I 

= 1.42 -0.16n ( r  = 0.72), 

! 

where r i s  t h e  l inear  c o r r e l a t i o n  f a c t o r .  

$ 
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TABLE 1- - - < 

1 I 
I 

a, rl 
3 a m  
-I > \

Ecd 
3 a 

G 
6.I 1.4 3 k  Ik T I  > 

3 h  
 2 
1
+1, Q' a& vQr So OS' Y'g. 11. I?, Y 1 I, 1 ,Y*rl 

sec sec% 
cu <o .2 6 12 0,410 0,050 0.55 - - - 221 2650 420 5040 
Cu 0.3-0.5 23 12 0.650 0.085 0.45 0 . a  0 .I48 0.90 io1  1200 307 3700 
CU 0.6-0.8 27 10 0.820 0.095 0.38 0.63 0 .I47 0.60 88 880 280 2800 
cu >0.8 4 12 0.910 0.050 0.25 0.810 0.071 0.34 60 720 is0 22QO 

Itl and t2 are correlation radii determined from the conditions r(t)=0.5; 

r(t2)=0.1; 1.1= v t l ;  R2=vt 2'  

TABLE 2 

Grada-
t i o n s  Mode med- no.of 

cases 

<0.2 0.08 1.08 0.3 - 0,21 - 0.3 - - - 6 
0,3-0.5 0.12 1.20 0.3 0.9 0.14 0.10 0.54 0.0 1.02 0.0 0.90 d.37 O,i4 0.24 23 
O,R-0.8 

>0.8 
O S 6  
0.12 

1.14 
I . I 4  

0.18 0.9 
0.18 0.84 

0.08 
0.03 

0.24 
0.31 

0.84 
0.84 

0.0 
0.0 

1.02 
0.96 

0.0 
0.06 

0.84 
0.78 

0.22 
0.05 

0.18 
0.29 

0.84 27 
0.84 4 

1 F l u x  Q Flux S *  
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Formulas (1) and ( 3 ) ,  and also ( 2 )  and ( 4 ) ,  l e a d  to d i f f e r e n t  
v a l u e s  of  t he  f l u x e s  s* and a* i n  c a s e s  of a c l e a r  sky ( s o  = 1, 
n = 0 )  and cont inuous  dense  c loud  cover  ( s o  = 0 ,  n = 10). T h i s  
a p p a r e n t l y  i s  e x p l a i n e d  by the  d i f f e r e n c e  o f  c o r r e l a t i o n  (see t h e  
numbers i n  p a r e n t h e s e s )  between t h e  f l u x e s  and t h e  number of  p o i n t s  
of c loud  cover  and between t h e  f l u x e s  and t h e  d u r a t i o n  of sunsh ine .  
I n c i d e n t a l l y ,  it i s  p o s s i b l e  t h a t  t h e  d ive rgences  observed a r e c a u s e  
by t h e  inadequa te  number of  data a t  s8  = 0 ,  n = 1 0  and s o  = 1, n = 0 ,  

used for c a l c u l a t i o n  of  t h e  c o e f f i c i e n t s  o f  e x p r e s s i o n s  ( 1 ) - ( 4 ) .  
2 

2 
F i g .  2 shows- the  dependence of t h e  s t a t i s t i c a l  parameters  us*, 

uQn upon the  parameters of t h e  c loud  cove r ,  n and s o .  T h i s  depend
ence t u r n e d  o u t  to be n o n l i n e a r ;  t h e  d i s p e r s i o n s  are  a t  t he  maximum 
a t  0 .3  < so 5 0 . 7  ( 4  n 5 8 ) ,  d e c r e a s i n g  i n  a n  almost  c l e a r  sky o r  
an  almost  o v e r c a s t  sky .  The v a r i a b i l i t y  f a c t o r  VSn, p r e s e n t e d  i n  
F ig .  3, i s  connected l i n e a r l y  w i t h  t h e  q u a n t i t i e s  n and so, i n  d i s - 1 1 1 6  
t i n c t i o n  from the  c o e f f i c i e n t  VQ* ( a l s o  see [l]) and i n  t h e  l a t t e r  
case  an  e q u a l i z a t i o n  i s  observed and,  p o s s i b l y ,  a d e c r e a s e  i n  V

&* 
w i t h  a d e c r e a s e  i n  s0" 


F i g ,  3. Dependence of  t h e  v a r i a b i l i t y  
f a c t o r  of the d i r e c t  r a d i a t i o n  f l u x  
Vs+ upon the  pa rame te r s  so and n and 
t h e  total r a d i a t i o n  f l u x  VQ" upon so .  

I n  F ig .  4 t h e  ave ra& i n t e g r a l  d i s t r i b u t i o n  f u n c t i o n s  of  t h e  
q u a n t i t i e s  S* and Q* w i t h - ' r e s p e c t  to 5 0  r e a l i z a t i o n s  a t  0 . 4  < so < 
< 0.8 are g iven .  It i s  appa ren t  t ha t  i n  cumulus c louds  w i t h  a 
p r o b a b i l i t y  250% t h e  r e l a t i v e  t o t a l  r a d i a t i o n  f l u x e s  exceed the  
v a l u e s  o f  0.8 (Qobs > 1 . 4  cal/cm* min a t  = 4 5 O )  and the  d i r e c t  



r a d i a t i o n  f l u x e s ,  0,5 (0 .8  cal/cm 2 min a t  19, = 45O). These f l u x e s  
are 25-30% formed w i t h  the  sun covered  w i t h  c l o u d s ,  50% w i t h  a n  /117 
open sun,  and 20-25% due t o  semi - t r anspa ren t  s i t u a t i o n s .  

P% 


Fig, 4 ,  Average i n t e g r a l
d i s t r i b u t i o n  f u n c t i o n s  of 
t he  p r o b a b i l i t i e s  o f  re l 
a t i v e  f l u x e s  of  d i r e c t  
r a d i a t i o n  and t o t a l  radi
a t i o n  (on a p r o b a b i l i t y  
s c a l e ) .  

The d i f f e r e n t i a l  d i s t r i b u t i o n  func
t i o n s  o f  the  p r o b a b i l i t i e s  o f  f l u x e s  S* 
and Q* are p r e s e n t e d  i n  F ig .  5 and i n  
Tab le  2 t h e i r  parameters are g iven .  I n  
a case of t o t a l  r a d i a t i o n  QT > 0 occur s  
and qax> 1, where Qf i s  the v a l u e  o f  
t he  f irst  mode o f  the d i s t r i b u t i o n  cu rve  
Q i a x  i s  the  maximum measured v a l u e  o f  
the  f l u x .  

The d i f f e r e n c e  of  
from z e r o  t e s t i f i e s  t o  
r o l e  of  the  s c a t t e r e d  
format ion  of the  t o t a l  
t r i b u t i o n  of  scattered 

the f irst  mode 
the e s s e n t i a l  

r a d i a t i o n  i n  t h e  
f l u x .  The con-
r a d i a t i o n  be

comes basic a c c o r d i n g  t o  Fig.  5 a t  
so < 0.4.  

W e  w i l l  c o n s i d e r  a s e c t i o n  of  the  
d i s t r i b u t i o n  cu rve  of  the  p r o b a b i l i t i e s
o f  t h e  f l u x  Q* a t  Q* > 1. The appear
ance of such v a l u e s  o f  &*, as w a s  no ted  
i n  [ 3 ] ,  i s  c h a r a c t e r i s t i c  f o r  cumulus /118
c louds  and i s  caused by the  r e f l e c t i o n  
of  d i r e c t  s o l a r  r a d i a t i o n  t h e  l a te ra lby

s u r f a c e s  of t he  s e t  of  . c louds .  The cu rves  i n  F ig .  5 make it pos
s i b l e  t o  estimate t h i s  e f f e c t  q u a n t i t a t i v e l y .  For  example, a t  s : 
=: 0 . 4  about  10% of  t h e  t i m e  Q* > 1 i s  observed .  The con t r ibu t io !?  
of  such v a l u e s  o f  Q* t o  t he  ave rage  f l u x  &* i s  c l o s e  t o  10%. 

The dependences o f  c e r t a i n  parameters of the d i s t r i b u t i o n  func
t i o n s  upon sG and n,  p r e s e n t e d  i n  F i g s .  6 and 7 demonst ra te  t ha t  
the  r e c u r r e n c e  of  the f irst  and second modes of  t h e  d i s t r i b u t i o n  /119
f u n c t i o n s  of f l u x e s  S* and Q*, and a l s o  the median of these d i s t r i 
b u t i o n s  depends l i n e a r l y  upon t h e  parameters so and n.  I n  t h i s  

c a s e ,  as b e f o r e ,  a c l o s e r  connec t ion  w i t h  the  q u a n t i t y  so t h a n  w i t h  
n i s  n o t i c e a b l e .  

I n  F ig .  8 t he  c h a r a c t e r i s t i c  examples of  s t a n d a r d i z e d  au to-
c o r r e l a t i o n  f u n c t i o n s  a r e  p re sen ted - r ( t )  a lmost  t h e  same f o r  t o t a l  
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Fig. 5. 	 Average differential distribution functions of the 

probabilities of relative fluxes of direct radiation 

and total radiation. 


radiation fluxes and direct radiation fluxes. Calculations of 
r(t) were performed for the time interval ( O . l A T ) ,  where AT is 
the duration of the realization. The quantities 

' dr(t)Idt tzt 0 

, where 
0 < t0 < tl, in cumulus clouds, essentially differ from those cor
responding to a case of any other cloud cover (see CIV.191 and 
Table 1): in the first case the derivative is the greatest and 
the correlation radius is the least, which corresponds to compara
tively small horizontal dimensions of the cumulus clouds. 

Fig. 8 demonstrates that in the intervalt3 < t < 0 . 1 A . T  the 
function r(t) may be both periodic and monotonic at'one and'the 
same values of the parameters n and so. In averaging according 
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Fig. 7. Dependence of the median of the distribution functions of 
probabilities of direct radiation (a) and total radiation 
(b) upon the parameters sa and n. 



to 47 realizations, corresponding to the average Doint number of cum
ulus cloud cover, no = 5, no periodicity is manifested (FiR. g), but 
nevertheless, it is real, and characteristic for rapidly passing

clouds, i.e., either at adequately small dimensions of the cloud 

heterogeneities or at adequately large wind velocities. 


As is apparent from Table 1 and Fig. 10, the correlation 

radii increase with the growth of the point number of cloud cover. 

Since the wind velocity varied but little, we may think that an 

increase in the point number of cumulus clouds occurs not only due 

to an increase in the number of' cloud heterogeneities but also due 

to their enlargement. 


/Yt I 
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"7/19/68; s=O.44; n=5; V=ll m.secl-1 


.5/27/68; s=O.46; n=6; V=8 m-sec 
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Standardized autocorrelation functions of the tota1 
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Fig. 8 
 radi

ation fluxes (1) and direct radiation fluxes (2). 


The dimensions of the cloud heterogeneities determining the /121 

structure of fluxes of direct radiation and total radiation, accord

ing to Table 1, amount to 180-420 sec or 2200-2000 m. Although

the material of the observations is still not great, the analysis

performed demonstrates that a close connection exists between the 

average values of fluxes of solar radiation and the totality of their 

statistical characteristics on the one hand and such parameters of the 




rft 

Fig. 9 .  Averaged standardized 
autocorrelation function of fluxes 
of direct (and total) radiation. 


Vertical segments designate the 

scattering of correlation functions 

used in averaging. 


3. 

' r  

Fig. 10. Dependence of the 

parameter tl for direct 
radiation and total radiation 
upon s o  and n. 

clouds as the point number of the cloud cover or the duration of sun
shine on the other. 4. successive comparison of the connection of the 
statistical parameters of the fluxes with each of these parameters

of the clouds forces us to give preference to the second. 


The statistical characteristics of the fluxes calculated make 

it possible to estimate their variability and to penetrate into 

the physical structure: to determine the role in the formation 

of fluxes of direct, scattered, and reflected light; to ascertain 

the effect of clear, semi-transparent, and cloudy sections of the 

sky, and large and small cloud formations. 
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SPATIAL STRUCTURE O F  THE FIELD OF 

SHORT-WAVE R A D I A T I O N  I N  STRATOCUMULUS AND 


CUMULUS CLOUD COVER 

M. A .  Su lev  

I n  1967-1969 a t  t h e  IFA AN ESSR, t o g e t h e r  w i t h  t h e  Ukr. N I G M I ,  
a i r c r a f t  i n v e s t i g a t i o n  of  t he  spa t i a l  v a r i a b i l i t y  of f i e l d s  of  
short-wave r a d i a t i o n  and c loud  cover  was conducted.  I n  t h i s  a r t i 
c l e  t h e  r e s u l t s  o f  i n v e s t i g a t i o n s  i n  1967 and 1968 are cons idered .  
I n  t h e  s p r i n g  o f  1967 w e  succeeded i n  o b t a i n i n g  adequa te  material 
o n l y  f o r  s t r a tocumulus  c l o u d s ,  i n  t h e  summer o f  1968 t h e  f i e l d  of 
in t ra -mass  cumulus c loud  cover  w a s  i n v e s t i g a t e d .  

I n  h o r i z o n t a l  f l i g h t s ,  t h e  f l u x e s  o f  t o t a l  and r e f l e c t e d  s h o r t 
wave r a d i a t i o n  were r eco rded  c o n t i n u o u s l y ,  and beg inn ing  i n  1968, 
a l s o  t h e  p resence  of  c l o u d s  i n  t h e  d i r e c t i o n  of  t h e  z e n i t h  ( o r
n a d i r )  on t h e  f l i g h t  p a t h .  The f l u x e s  were measured by M80 s t and
ard pyranometers  as r e c o r d e r s  f o r  which t h e  eKVT/l  au tomat ic  poten
t i o m e t e r s  s e rved .  The p re sence  of c louds  w a s  de te rmined  by a 
s p e c i a l  narrow-angle d e t e c t o r  ( t h e  a n g l e  of  view was of t h e  o r d e r  /1-22
o f  lo), o p e r a t i n g  i n  a narrow s p e c t r a l  r ange  o f  about  0.85 micron. 
The -output  s i g n a l  of t h i s  d e t e c t o r ,  a f t e r  a m p l i f i c a t i o n ,  was r e 
corded on a K-4-51 loop  o s c i l l o g r a p h .  The l e n g t h  o f  one f l i g h t
v a r i e d  from 1 0 0  t o  600 k m ,  amounting to 300 km on t h e  average .  
The o r d i n a t e s  were t a k e n  from t h e  t a p e s  o f  t h e  au tomat i c  r e c o r d e r s  
w i t h  a n  i n t e r v a l  from 0 .5  t o  6 s e c  (from 0.035 t o  0 . 4  km, r e s p e c t 
i v e l y ) ,  depending upon t h e  form of  t h e  c u r v e s .  C e r t a i n  r e s u l t s  of  
t h e  i n v e s t i g a t i o n s  i n d i c a t e d  are g iven  below. 

S t ra tocumulus  c loud  cove r .  I n  s t r a tocumulus  c loud  cover  t h e  
f l i g h t s  were conducted ove r  and under  t h e  l a y e r ,  and i n  c e r t a i n  
c a s e s  a l s o  i n s i d e  t h e  l a y e r ,  a t  a d i s t a n c e  o f  approximate ly  1 0 0  m 
from the  upper boundary. A l l  t h e  r e s u l t s  o b t a i n e d  a t  8 ,  9 ,  1101, 
and 10 Sc co inc ided  q u i t e  w e l l .  C e r t a i n  ave rage  s t a t i s t i c a l  char
a c t e r i s t i c s  of  t he  f l u x e s  of  short-wave r a d i a t i o n  are g iven  i n  t h e  
tab le .  

A s  i s  appa ren t  from t h e  t a b l e ,  t h e  v a r i a b i l i t y  f a c t o r  of  a l l  
t h e  q u a n t i t i e s  measured v a r i e s  from 0.15 t o  0.5,  t h e  c o r r e l a t i o n  
r a d i u s  x0.5 

takes t h e  g r e a t e s t  va lue  f o r  a f l u x  o f  r e f l e c t e d  radi

a t i o n  ove r  t h e  c louds ,  and t h e  least  i n s i d e  t h e  l a y e r .  We should  
emphasize that  t h e  ave rag ing  s c a l e s  n e c e s s a r y  t o  o b t a i n  a n  average
v a l u e  w i t h  a r e l i a b i l i t y  of f3 = 0.95 a re  much grea te r  t h a n  t h o s e  
u s u a l l y  assumed a t  measurements of  t h e  v e r t i c a l  p r o f i l e  of  t h e  
r a d i a t i o n  f l u x e s  ( o f  t h e  o r d e r  of  1 0  k m ) .  From t h i s  i t  becomes 
obvious why t o  o b t a i n  p l a u s i b l e  r e s u l t s  a v e r a g i n g  acco rd ing  t o  a 
c o n s i d e r a b l e  number of  p r o f i l e s  i s  r e q u i r e d .  
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Above t h e  D+ 25 
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1 3  
25 

I n s i d e  t h e  Q 1 . 5  
Sayer  D 4  5 2 .5  

A 1 . 0  

Under t h e  Q 3.5 
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A 1 .5  
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I n  Fig.  1 t h e  average  a u t o c o r r e l a t i o n  f u n c t i o n s  f o r  f l u x e s  
of  short-wave r a d i a t i o n  are p r e s e n t e d ,  and a l s o  f o r  t h e  short-wave 
a lbedo  ins . ide  t h e  l a y e r .  We may n o t e  t h a t  even i n  c o n d i t i o n s  o f  
s t r a tocumulus  c loud  cover  t h e  c o r r e l a t i o n  d e c r e a s e s  q u i t e  r a p i d l y
and i n  t h i s  case  a c e r t a i n  weakly  expres sed  p e r i o d i c i t y  i s  observed.  

I n  F ig .  2 t h e  average  s p e c t r a l  d e n s i t i e s  S ( f )  a r e  r e p r e s e n t e d  / I 2 3
f o r  f l u x e s  of short-wave r a d i a t i o n  i n  t h e  i n t e r v a l  of f r e q u e n c i e s  
f from 0.015 to 0.6  km-1. On t h e  curve of t h e  s p e c t r a l  d e n s i t y  of 
t h e  f l u x  o f  t o t a l  r a d i a t i o n  i n s i d e  t h e  l a y e r ,  by a dashed l i n e ,  
t h e  two s m a l l  maxima are  d e s i g n a t e d  which a r e  observed i n  t h e  
m a j o r i t y  of  c a s e s ,  b u t ,  however, f o r  c o n f i r m a t i o n  of  t h e i r  r e a l i t y  
t h e  mater ia l  i s  s t i l l  i n a d e q u a t e .  I n  F ig .  3 t h e  s p e c t r a l  d e n s i t i e s  
are g iven  i n  l o g a r i t h m i c  c o o r d i n a t e s .  I n  t h e  c a s e s  'under cons ide r 
a t i o n *  t h e  s p e c t r a l  d e n s i t i e s  a re  not  d e s c r i b e d  by t h e  r a t i o  S(f) = 
= b f - w i t h  a c o n s t a n t  exponent e ,  w i t h  t h e  e x c e p t i o n  of  t h e  f l u x  
of t o t a l  r a d i a t i o n  under  t h e  c louds ,  for which t h e  g iven  r e l a t i o n  
i s  t r u e  when c = 1 . 3 .  

Cumulus c loud  cover .  All t h e  measurements were conducted w i t h  
in t ra -mass  cloud cover  of t h e  form Cu hum (Cu f r ) ,  Cu med, Cu conq of  
1-8 p o i n t s  and, as a pule , .  below t h e  c louds .  I n  t h i s  c a s e ,  t h e  
t o t a l  r a d i a t i o n  f l u x  was reco rded ,  and a l s o  t h e  p resence  of c louds  
i n  t h e  d i r e c t i o n  o f  t h e  z e n i t h  a l o n g  t h e  f l i g h t  p a t h .  ' A l t o g e t h e r
i n  1968 ,  19 s u c c e s s f u l  r e a l i z a t i o n s  were o b t a i n e d .  The r e s u l t s  ob
t a i n e d  i n  t h e  c o n d i t i o n s  i n d i c a t e d  above t u r n e d  o u t  t o  p r a c t i c a l l y
c o i n c i d e n t ,  and w e  d i d  n o t  succeed i n  obse rv ing  any dependence of 



Fig. 1. Autocorrelation functions 

in stratocumulus cloud cover. 


1) total radiation flux inside 
the layer; 2) the same, below the 
layer; 3 )  flux of reflected radi
ation inside the layer; 4) short
wave albedo inside the layer. 
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Fig. 3 .  Spectral densities 

in stratocumulus cloud 

cover on a logarithmic

scale. 

For symbols, see Fig. 2. 


Fig. 2. Spectral densities in strato

cumulus cloud cover. 

1) total radiation flux inside the 

layer; 2) the same, below the layer;

3 )  flux of reflected radiation inside 
the layer. 



t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  upon the  p o i n t  number o r  t h e  form 
of  c loud cover ,  T h i s  c o n t r a d i c t s  the  ground o b s e r v a t i o n  data con
c e r n i n g  t h e  t o t a l  r a d i a t i o n  f l u x  i n  cumulus c loud  cover ,  bu t  a g r e e s
w e l l  bo th  w i t h  ground and a i r c r a f t  measurements w i t h  a narrow-angle 
d e t e c t o r  and a p p a r e n t l y  can be a t t r i b u t e d  t o  t h e  s m a l l  amount of aver 
ag ing  i n  space i n  f l i g h t  a t  a s h o r t  d i s t a n c e  from the lower bound
a r y  of the  c louds .  On the  basis of  what has been said, w e  w i l l  
cons ide red  on ly  the  averaged c h a r a c t e r i s t i c s  below. The average
c o r r e l a t i o n  r a d i u s  x 

0 - 5  
i s  e q u a l  to 0.8 km, the  v a r i a t i o n  f a c t o r  

i s  0.3. The n e c e s s a r y  ave rag ing  s c a l e  f o r  o b t a i n i n g  an average  1 1 2 5  
f l u x  w i t h  a r e l a t i v e  e r r o r  a = 5% w i t h  a r e l i a b i l i t y  B = 0.95 i s  of 
the  o r d e r  of  30 km. I n  F i g ,  4 the  average  a u t o c o r r e l a t i o n  func
t i o n  i s  g iven ,  and i n  F i g .  5 the  s p e c t r a l  d e n s i t i e s  of the t o t a l  
r a d i a t i o n  f l u x  of f l i g h t s  below the  c louds .  I n  cumulus c loud  cover  
t he  l a t t e r  i s  approximated w e l l  by t h e  e x p r e s s i o n  S ( f )  = bf-c a t  
c = 0.62 .  

45I 

Fig .  4. A u t o c o r r e l a t i o n  f u n c t i o n  F ig .  5. S p e c t r a l  d e n s i t y  of  t he  
of  the t o t a l  r a d i a t i o n  f l u x  below t o t a l  r a d i a t i o n  f l u x  below the  
t h e  layer of cumulus c louds .  l a y e r  of cumulus c louds .  

According to measurement w i t h  a narrow-angle d e t e c t o r  on t h e  
f l i g h t  p a t h ,  the  d i s t r i b u t i o n s  of  i n d i v i d u a l  c louds  and openings
accord ing  t o  dimensions were found. T h e i r  average  d i s t r i b u t i o n  
i s  p r e s e n t e d  i n  F i g .  6 ,  As i s  a p p a r e n t ,  s m a l l  c louds  w i t h  openings
predominate.  With a growth of dimensions the p r o b a b i l i t y  of  them 
monotonously d e c r e a s e s .  Aside from t h i s ,  acco rd ing  t o  measurements 
w i t h  the  narrow-angle d e t e c t o r  random f u n c t i o n s  were s u b j e c t e d  t o  
a n a l y s i s ,  these random f u n c t i o n s  be ing  a sequence of squa re  p u l s e s ,
where l e v e l  1 corresponds  to the p resence  of c louds  and l eve l  0 to 
t h e i r  absence.  The a u t o c o r r e l a t i o n  f u n c t i o n  and the  s p e c t r a l  den
s i t y  of  such a f u n c t i o n  were found, and a l s o  t h e i r  average  v a l u e  
( the  average  a b s o l u t e  c loud  cover  a l o n g  t h e  f l i g h t  p a t h )  and d i s 
p e r s i o n .  The a u t o c o r r e l a t i o n  f u n c t i o n  ob ta ined  c o i n c i d e s  w i t h  t h e  
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a u t o c o r r e l a t i o n  f u n c t i o n  f o r  f l u x e s  o f  t o t a l  r a d i a t i o n  p resen ted
i n  Fig.  4. The l a t t e r  i s  e n t i r e l y  n a t u r a l  if w e  take i n t o  con
s i d e r a t i o n  t h e  f a c t  t h a t  d u r i n g  t h e  f l i g h t  d i r e c t l y  below t h e  
c louds ,  because of  t he  s m a l l  amount o f  ave rag ing ,  the  n o t a t i o n  of  
t he  t o t a l  r a d i a t i o n  f l u x  i s  very  s i m i l a r  t o  a s e r i e s  of  square
s i g n a l s  w i t h  " c l e a r  sky"  and l lcloudll  l e v e l s .  

P 

Fig.  6.  D i s t r i b u t i o n  of dimen
s i o n s  o f  c louds  (1) and openings
( 2 )  a l o n g  t h e  f l i g h t  p a t h  i n  a 

42 - case  of  cumulus cloud cover .zL-:4
d 

I 2. J x,& 

I n  conc lus ion  w e  must d i r e c t  a t t e n t i o n  to the  f a c t  t h a t  t h e  
s t r u c t u r e  of t h e  r a d i a t i o n  f i e l d  measured by a d e t e c t o r  w i t h  an  
a n g l e  of view of  180" depends s t r o n g l y  upon the  d i s t a n c e  from t h e  
boundary of t h e  c loud  l a g e r ,  i n  view of t h e  d i f f e r e n t  ave rag ing
w i t h  r e s p e c t  to area. Therefore ,  on ly  r e s u l t s  ob ta ined  a t  t h e  
same d i s t a n c e s  from t h e  c louds  may be compared d i r e c t l y  w i t h  each 
o t h e r .  I f  t h e  purpose i s  the  s tudy  of t he  s t r u c t u r e  of t he  f i e l d  
of c louds  and t h e  r a d i a t i o n  f i e l d  d i r e c t l y  a t  i t s  boundar ies ,  i t  
i s  a d v i s a b l e  t o  u se  narrow-angle d e t e c t o r s ,  s i n c e  i n  t h i s  case  
t h e  r e s u l t s  are p r a c t i c a l l y  independent  of the d i s t a n c e  between 
the  d e t e c t o r  and t h e  layer of  c louds  and w e  may f r e e l y  compare
ground and a i r c r a f t  data. 
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STRUCTURE OF THE FIELD O F  CUMULUS CLOUDS 

Yu. R.  Mullamaa, V. K .  Pyldmaa, and M. A .  Su lev  

For purposes  of  s t u d y i n g  the  s t r u c t u r e  and d i s t r i b u t i o n  o f  /126
intra-mass cumulus c l o u d s ,  a t  t h e  IFA AN ESSR ground r e c o r d i n g  of  
t h e  coverage of t h e  sky by c louds  i n  t h e  d i r e c t i o n  of  t h e  z e n i t h  
and the  sun w a s  conducted,  and, j o i n t l y  w i t h  t he  Ukr. N I G M I ,  a i r 
c r a f t  measurements of  t he  p resence  of  c louds  i n  t h e  d i r e c t i o n  of  
t h e  z e n i t h  (or n a d i r )  on t h e  f l i g h t  p a t h  were performed. A c o r r e 
l a t i o n  and s p e c t r a l  a n a l y s i s  of  t h e  segments of c loud f i e l d s  i n  
t i m e  and space  w a s  performed. The r e s u l t s  of  a i r c r a f t  i n v e s t i g a 
t i o n s  are p r e s e n t e d  i n  [IV.22]e 

We may o b t a i n  a n  a n a l y t i c a l  formula f o r  t h e  a u t o c o r r e l a t i o n  
f u n c t i o n  of t h e  p r o c e s s  of  t he  appearance of  c louds  i n  a s e c t i o n  
of  t h e  c loud  f i e l d .  Under t h e  assumption t h a t  t he  t i m e  or space
s e c t i o n  of  t h e  c loud  f i e l d  w a s  o b t a i n e d  by means of  l i m i t a t i o n  of 
t he  normal random f u n c t i o n  from t h e  z e r o  l e v e l ,  t h e  a u t o c o r r e l a 
t i o n  f u n c t i o n  has t h e  form [l] 

_ 
r ( 1 )  =-arc sin rl ( t ) ,

x 

where r,(t) i s  the  a u t o c o r r e l a t i o n  f u n c t i o n  of t h e  normal random 
process .  

At t h e  same t i m e ,  t h e  e x p e r i m e n t a l l y  determined a u t o c o r r e l a 
t i o n s  f u n c t i o n s  of  t h e  p resence  of  c louds  i n  a s e c t i o n  ( c r o s s 
s e c t i o n )  of  t h e  c loud  f i e l d  are w e l l  approximated by t h e  formula 

2r ( t )  =-rc arc sin e-=(*). 

A s  w a s  no ted  i n  r e f .  c I V . 2 2 1 ,  t h e  c o r r e l a t i o n  f u n c t i o n  of  t h e  
t o t a l  r a d i a t i o n  i n  f l i g h t s  below t h e  c louds  c o i n c i d e s  w i t h  t he  
f u n c t i o n  of  t h e  p re sence  of  c louds  and openings a t  t h e  z e n i t h .  
Consequently,  formula ( 2 )  a l s o  d e s c r i b e s  t h e  s p a t i a l  a u t o c o r r e l a 
t i o n  of t h e  t o t a l  r a d i a t i o n  w e l l  i n  measurements d i r e c t l y  below 
cumulus c louds .  We w i l l  a l s o  n o t e  t h a t  t h e  t o t a l  r a d i a t i o n  a t  t h e  
s u r f a c e  of t h e  e a r t h  i s  a l s o  d e s c r i b e d  by formula ( 2 ) ,  b u t  more 
roughly ,  s i n c e  t h e  l a t t e r  does n o t  c o n s i d e r  t h e  v a r i a b i l i t y  of  t h e  
s c a t t e r e d  r a d i a t i o n  and t h e  c o n t r i b u t i o n  of t h e  d i r e c t  r a d i a t i o n  
a r r i v i n g  through t h e  semi - t r anspa ren t  D a r t s  o f  t h e  c louds  r I V , 2 0 1 .  
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The s p e c t r a l  d e n s i t i e s  o f  t h e  p resence  o f  c louds  and openings,  
c a l c u l a t e d  acco rd ing  t o  t he  a u t o c o r r e l a t i o n  f u n c t i o n s  i n  t h e  range
of  l i n e a r  f r e q u e n c i e s  f from 0.12 t o  2 . 4  min-1, are  w e l l  approxi 
mated by t h e  formula ( f )  - f -k ,  where k v a r i e s  w i t h i n  l i m i t s  f r o m  
5/3 t o  4/3. The dependence of k upon no i n  s t e a d y - s t a t e  f i e l d s ! o f  
cumulus c loud  cover  i s  shown i n  F i g .  1. It i s  appa ren t  t h a t  t h e  
exponent k t u r n s  o u t  t o  be l e a s t  a t  no = 5. I n  c o n s i d e r i n g  c louds  
as convec t ive  e lements ,  w e  may compare t h e  s p e c t r a  o b t a i n e d  w i t h  
t h e  s p e c t r a  o f  t h e  p u l s a t i o n s  of  t u r b u l e n t  f l u x e s  i n  a n  i n e r t i a l  
s u b - i n t e r v a l .  It i s  i n t e r e s t i n g  t h a t  i n  a l l  t he  s p e c t r a  of  cumu- /127 
l u s  c louds  observed t h e  exponent k i s  l e s s  t h a n  i n  a n  i n e r t i a l  sub--
i n t e r v a l  6 2 3 .  The f o l l o w i n g  h y p o t h e t i c a l  e x p l a n a t i o n  o f  t h i s  f a c t  
i s  p o s s i b l e .  The s teady-state  f i e l d  of  cumulus c louds  i s  main
t a i n e d  by the  i n f l u x  of  e x t e r n a l  energy ( b a s i c a l l y  by t h e  l a t e n t  
h e a t  of  condensa t ion ) ,  which c o u n t e r a c t s  t u r b u l e n t  decay i n  t h e  
i n e r t i a l  s u b - i n t e r v a l .  A s  a r e s u l t ,  the  exponent k d e c r e a s e s .  
With a growth of  cumulus c louds  i t  must b e  less ,  and i n  decay 
g r e a t e r ,  i n  comparison w i t h  t h e  v a l u e s  g iven  i n  F i g .  1. However, 
w e  must n o t e  t h a t  t h e  exponent k i s  only  s l i g h t l y  s e n s i t i v e  t o  t h e  
growth and decay of  cumulus c louds  and t h e  accu racy  of  i t s  d e t e r 
mina t ion  i s  l o w .  T h e r e f o r e ,  t h e  use  o f  i t  f o r  d e t e r m i n a t i o n  of 
t h e  r a t e  of  development o r  decay of  t h e  f i e l d s  of  cumulus c louds  
i s  s c a r c e l y  p robab le .  

K 


Fig .  1. Exponent k of  t h e  s p e c t r a l  
d e n s i t y  as a f u n c t i o n  of t h e  p o i n t
number of c loud  cover  a t  t h e  z e n i t h .  

4/3 

I I I
I I 

g z 4 6 a 

For t he  d i s t r i b u t i o n  c h a r a c t e r i s t i c  o f  t h e  d u r a t i o n  of  t h e  
coverage of  t he  z e n i t h  by c louds ,  t h e  p r o b a b i l i t y  d e n s i t i e s  p ( t )
of  t h e  r e l a t i v e  number of  openings o r  c louds  were determined.  The 
l a t t e r  demonst ra te  what f r a c t i o n  of t h e  g e n e r a l  number of  openings 
o r  c louds  i n  a t i m e  o r  space  c r o s s - s e c t i o n  has a d u r a t i o n  t o r  a 
l e n g t h  x. 

The p r o b a b i l i t y  d e n s i t i e s  o f  t h e  number o f  openings and c louds  
ob ta ined  from the  experiment  are w e l l  approximated by t h e  f u n c t i o n  
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Formula ( 3 )  w a s  o b t a i n e d  t h e o r e t i c a l l y  under t h e  same assumptions 
as formula (2 ) ,  ice., under  the  assumption tha t  t he  normal random 
proceqs i s  s imul t aneous ly  a l s o  a Markov p r o c e s s  [31. Formula (3 )
i s  i n a  p l i c a b l e  at t +- 0. According to ground measurements a t  
no = 5,P t h e  v a l u e  o f  a = 0 . 3  occur s .  

-\
Th? expe r imen ta l ly  de te rmined  p r o b a b i l i t y  d e n s i t i e s  o f  t he  

number of c louds  as a f u n c t i o n  of t h e i r  d u r a t i o n  are g iven  i n  F ig .
2 .  The ' ,p robabi l i ty  d e n s i t i e s  of ground and a i r c r a f t  measurements 
co inc id4  i f ,  on t h e  ave rage ,  1 minute of  ground measurements cor 
responds  to 0.4 km i n  space .  

An analogous p i c t u r e  i s  a l s o  observed f o r  openings,  i f  w e  
r e p l a c e  t h e  average  p o i n t  number o f  t h e  c loud  cover  by t h e  ave rage
p r o b a b i l i t y  of a freee s i g h t i n g  l i n e .  Shor t  openings and s m a l l  c louds  
a r e  encountered most f r e q u e n t l y .  Curves 1 and 2 c h a r a c t e r i z e s  c loud  
cover  to z e n i t h  s i g h t i n g  a n g l e s  of  50'. A t  l a r g e  z e n i t h  a n g l e s ,  t h e  /I28-
l a t e r a l  p a r t s  of t h e  c louds  [IV.22] p l a y  a n  impor tan t  r o l e .  Under 
t h e i r  i n f l u e n c e  t h e  openings d e c r e a s e ,  and t h e  s h o r t e s t  o f  t h e m  
are over lapped ,  i . e . ,  t h e  c louds  j o i n  t o g e t h e r ,  and t h e  more s o  i f  
t h e  s i g h t i n g  d i r e c t i o n  i s  c l o s e r  to t h e  ho r i zon .  F o r  a comparison
i n  F ig .  2 t h e  d e n s i t y  of  t h e  number o f  openings at a z e n i t h  s i g h t i n g
a n g l e  6 =  80° and n = 2 i s  shown. 

.La \ J  

t, min ZJ 
4 h k I v t  

Fig .  2.. P r o b a b i l i t y  d e n s i t y  of  the 

number o f  c louds  and o p e n i n g s . a s  a Fig .  3. Frequency of  openings 

f u n c t i o n  of  t h e i r  d u r a t i o n  t o r  c louds  as a f u n c t i o n  of 

( l e n g t h  x>. 1) ave rage  p o i n t  number t h e  point number of c loud  cover  

of  c loud  cover  a t  z e n i t h ,  no-1; a t  the  z e n i t h .  

2) 1-10'9; 3) a t  a z e n i t h  s i g h t i n g
a n g l e  6=80° a t  n0=2 .  
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A s  i s  a p p a r e n t ,  t h e  d i s t r i b u t i o n  d e n s i t y  of  t he  number of 
openings o r  c louds  depends s l i g h t l y  upon t h e  average  p o i n t
c loud  cover  a t  t h e  z e n i t h .  The frequency of openings or clouds,; /y,  i . e .  
t h e i r  number p e r  u n i t  of t ime i n  ground measurements or p e r  un$t of 
l e n g t h  i n  a i r c r a f t  measurements, i s  more s e n s i t i v e  to t h e  v a r i a t i o n  
o f  t h e  p o i n t  number a t  t h e  z e n i t h .  Under t h e  same assumptions As 
formula (l), t h e  f r equency  of  t he  c louds  and openings i s  expre'ssed 
by t h e  formula 

where oz and o z ,  are  t h e  squa re  roots o f  t h e  d i s p e r s i o n s  of  t h e  
normal random s u r f a c e  and i t s  d e r i v a t i v e .  According to our  meas-

O Z 'urements 	--- 0.18.  F i g .  3 demonst ra tes  t h a t  the  frequency i s2lT Oz 

a t  t h e  maximum w i t h  a p o i n t  number a t  t h e  z e n i t h  of n = 5. With 
0

v a r i a t i o n s  of  t h e  p o i n t  number w i t h i n  l i m i t s  from 1 to 9 t h e  f r e 
quency v a r i e s  by up to a f a c t o r  of  two, i n  t h e  first approximation
t u r n i n g  ou t  to be symmetr ica l  r e l a t i v e  t o  no = 5.  

Thus, cumulus c loud  cover  may be modeled by a normal random / l 2 9
f u n c t i o n ,  l i m i t e d  from below. A good agreement o f  such a model 
w i t h  t h e  expe r imen ta l  data i s  observed.  S h o r t  openings and c ross -
s e c t i o n s  of  c louds  t ha t  are small i n  dimensions are  most f r e q u e n t l y  
encountered .  I n  t h i s  c a s e  t h e  average  number o f  c louds  o r  openings 
p e r  u n i t  i n t e r v a l  i s  g r e a t e s t  a t  an average  p o i n t  number no = 5 i n  
t h e  d i r e c t i o n  of  t h e  z e n i t h .  
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ON THE TRANSMISSION O F  SOLAR R A D I A T I O N  BY 
STRATOFORMOUS CLOUD COVER A S  A FUNCTION O F  THE 

STATISTICAL CHARACTERISTICS O F  I T S  STRUCTURE 

Yu. R. Mullamaa 

The l i g h t  regime i n  a l i g h t - s c a t t e r i n g  medium i s  connected 
n o n l i n e a r l y  w i t h  t he  c h a r a c t e r i s t i c s  of  t h e  m e d i u m  o r d i n a r i l y  used 
i n  t r a n s p o r t  theory-the s c a t t e r i n g  and a b s o r b t i o n  f a c t o r s ,
the  s c a t t e r i n g  i n d i c a t r i x ,  and the  o p t i c a l  t h i c k n e s s .  A s  a conse
quence of  t h i s ,  t he  d e s c r i p t i o n  of the  l i g h t  regime of  heterogene
ous media by means of  a t r a n s p o r t  e q u a t i o n  w i t h  average  c h a r a c t e r i s 
t i c s  of  the medium b r i n g s  w i t h  i t  a s y s t e m a t i c  e r r o r  t ha t  is fre
q u e n t l y  imposs ib l e  f o r  the  r e s e a r c h e r  t o  estimate. 

I n  t h i s  work the  t r a n s p a r e n c y  @ of  t he  o p t i c a l l y  dense cloud 
l a y e r  i s  cons ide red ,  as a f u n c t i o n  of  t h e  v a r i a b i l i t y  of  i t s  o p t i 
c a l  t h i c k n e s s ,  caused by v a r i a t i o n s  of  the  a l t i t u d e  of  the lower 
and upper boundar i e s ,  the  a b s o l u t e  humidi ty ,  and the  m i c r o s t r u c t u r e ,  
G. V. Rozenberg’s formula f o r  c a l c u l a t i o n  of the  t r a n s p a r e n c y  of 
o p t i c a l l y  t h i c k  media [l] i s  w e l l  adapted f o r  such  a type  of i n 
v e s t i g a t i o n :  

where 

- 1 - Ar e s p e c t i v e l y ,  f o r  t h e  f l u x  anc i n t e n s i t y ;  c2  - -t ’  r’ and ‘I: a r e  
the  average  o p t i c a l  t h i c k n e s s  of  t h e  layer  and i t s  d e v i a t i o n  from 
the mean; A i s  the  a lbedo  of t h e  u n d e r l y i n g  s u r f a c e ;  R i s  a param
e te r  c h a r a c t e r i z i n g  the  degree  of e l o n g a t i o n  of  t he  s c a t t e r i n g
i n d i c a t r i x ;  po and p are the  c o s i n e s  of the  z e n i t h  a n g l e  of  t h e  
i n c i d e n t  and s c a t t e r e d  r a d i a t i o n ,  r e s p e c t i v e l y .  Formula (l),
s t r i c t l y  speaking ,  i s  a p p l i c a b l e  f o r  a d e s c r i p t i o n  of the  propa
g a t i o n  of l i g h t  i n  p l a n e - p a r a l l e l  homogeneous o p t i c a l l y  t h i c k  
l a y e r s  (7 + T 2 5)  a l o n g  a h o r i z o n t a l .  For t h e  s tudy  of  the f l u c 
t u a t i o n  of t h e  t r a n s p a r e n c y  of  real  c louds  acco rd ing  t o  formula 
(1) i t  i s  r e q u i r e d  t h a t  t h e  s c a l e s  of  t he  h e t e r o g e n e i t i e s  of t h e  
c loud  cove r  g r e a t l y  exceed t h e  l e n g t h  of t h e  f r e e  p a t h  of a photon
i n  the cloud.  The p o s s i b i l i t y  of such a n  approach I s  provided  by
t h e  f a c t  tha t  t h e  c h a r a c t e r i s t i c  s c a l e  o f  the  h e t e r o g e n e i t i e s  of 
t h e  cloud cover ,  as i s  w e l l  known, i s  c o n s i d e r a b l y  g r e a t e r  t han  
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the  l e n g t h  of the  free p a t h  of  a photon i n  the  c loud .  The s m a l l -
s c a l e  h e t e r o g e n e i t i e s  encountered  i n  n a t u r a l  c o n d i t i o n s  i n  such a 
c o n s i d e r a t i o n  are smoothed o u t  and averaged;  i n  e s sence ,  cons ide r 
a t i o n  of t h e i r  c o n t r i b u t i o n  i s  a problem of  t h e  f u t u r e .  I n  the 
a n a l y s i s  it i s  assumed t h a t  the o p t i c a l  t h i c k n e s s  of  the  s t r a t o 
form c loud  cover ,  cons ide red  as a random f u n c t i o n ,  i s  normally
d i s t r i b u t e d ,  which, a p p a r e n t l y ,  i s  p l a u s i b l e ,  s i n c e  the  o p t i c a l
t h i c k n e s s  i s  formed under  the j o i n t  e f f e c t  of s e v e r a l  randomly
v a r y i n g  parameters: the  a l t i t u d e  of the  upper  and lower boundar i e s ,  
the a b s o l u t e  humidi ty ,  and the m i c r o s t r u c t u r e .  

I n  these assumpt ions ,  the  t r a n s p a r e n c y  d e n s i t y  f u n c t i o n  i s  
expres sed  i n  the form 

The t r anspa rency  d e n s i t y  d i s t r i b u t i o n  f u n c t i o n s ,  depending upon 
the  average  o p t i c a l  t h i c k n e s s  and i t s  d i s p e r s i o n ,  are g iven  i n  
Fig.  1. I n  the  c a l c u l a t i o n s  it w a s  assumed tha t  c2  = 0 . 1  and 
po = 0 . 5 .  A s  i s  a p p a r e n t ,  the  t r a n s p a r e n c y  d e n s i t y  d i s t r i b u t i o n  
f u n c t i o n  i s  more asymmetr ica l  i f  t he  d i s p e r s i o n  of  the  o p t i c a l
t h i c k n e s s  i s  greater. I n  t h i s  c a s e ,  t he  d i s t r i b u t i o n  f u n c t i o n  i s  
extended i n  the d i r e c t i o n  of l a rger  v a l u e s  of  the  t r a n s p a r e n c y .  
With an  i n c r e a s e  i n  ?, the  maximum i n  the  t r a n s p a r e n c y  d i s t r i b u t i o n  
shif ts  toward lesser v a l u e s  of  and the p r o b a b i l i t y  of  t he  maximum 
b r i g h t n e s s  i n c r e a s e s .  The t r a n s p a r e n c y  mode does not c o i n c i d e  w i t h  
t he  t r a n s p a r e n c y  a t  the  average  o p t i c a l  t h i c k n e s s ,  bu t  i s  sh i f t ed  
toward larger o p t i c a l  t h i c k n e s s e s ,  and the g r e a t e r  t h i s  i s  the  
greater i t s  d i s p e r s i o n  and the less i t s  average  magnitude, i . e . ,  
'mode < P-.

T 

I n  Fig.  2 the  dependence of  t he  d i f f e r e n c e  AT = r (Omode 1 - 7  
upon the d i s p e r s i o n  o2 a t  T = 15 i s  g iven .  On the o t h e r  hand, the  r 
o p t i c a l  t h i c k n e s s  co r re spond ing  t o  the average  t r a n s p a r e n c y  b i s  
less t h a n  t h e  average  o p t i c a l  t h i c k n e s s  T ( @ )  < ?. 

As i s  w e l l  known, the average  t r a n s p a r e n c y  and the  d i s p e r s i o n
of the t r a n s p a r e n c y  may be found a c c o r d i n g . t o  the formulas  

.  

1 


( 3 )  
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Fig .  1. Transparency d i s t r i b u t i o n  f u n c t i o n .  
a )  ?=3O, 0:=64; b )  ?=15, 0:=64; 
c )  ?=15, 0;=16; d )  ?=15, 0;=100. 

However, e x p r e s s i o n s  ( 3 )  do n o t  i n t e g r a t e  i n  t h e  a n a l y t i c a l  form. 

The average  t r a n s p a r e n c y  and d i s p e r s i o n  are  expresse’a i n  
approximat ion  i n  t h e  form 

A s  i s  appa ren t  from formula ( 4 )  t h e  average t r a n s p a r e n c y  co in
c i d e s  w i t h  t h e  t r a n s p a r e n c y  a t  t h e  ave rage  o p t i c a l  t h i c k n e s s  on ly
i n  t h e  l i m i t i n g  c a s e ,  when t h e  d i s p e r s i o n  o f  t h e  optimum t h i c k n e s s  /132
approaches ze ro .  - I n  a l l  o t h e r  c a s e s  i t  i s  g r e a t e r  t h a n  t h i s  would 
be acco rd ing  to formula (1) a t  t h e  average  o p t i c a l  t h i c k n e s s .  
Thus, by c a l c u l a t i n g  t h e  average  o p t i c a l  t h i c k n e s s  acco rd ing  t o  t h e-.. 

ave rage  t r a n s p a r e n c y ,  w e  o b t a i n  s y s t e m a t i c a l l y  u n d e r s t a t e d  v a l u e s .  
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Fig .  2. A T  as a f u n c t i o n  of  F ig .  3. D i spe r s ion  (l), mean squa re
t h e  d i s p e r s i o n  0; a t  7 = 15. 	 d e v i a t i o n  ( 2 ) ,  and v a r i a b i l i t y  f ac 

t o r  ( 3 )  o f  t h e  d i s p e r s i o n  of t h e  
c o r r e c t i o n  f a c t o r  as a f u n c t i o n  of 
t h e  ave rag ing  c l l A 1 .  

The d i s p e r s i o n  of  t r a n s p a r e n c y  ( 5 )  i n  t h e  f i rs t  approximation
depends l i n e a r l y  upon t h e  d i s p e r s i o n  of t h e  o p t i c a l  t h i c k n e s s  and 
i s  p r o p o r t i o n a l  t o  t h e  f o u r t h  power of t h e  t r anspa rency  a t  t h e  
average  o p t i c a l  t h i c k n e s s .  

I n  ground or a i r c r a f t  measurements of  t h e  f l u x e s  of  r a d i a t i o n  
by  t h e  d e t e c t o r ,  a v e r a g i n g  i s  performed accord ing  t o  t h e  r e g i o n  of 
space n o t  p rov id ing ,  g e n e r a l l y  speaking ,  f o r  o b t a i n i n g  t h e  averaged
v a l u e s  f o r  t he  f l u x e s .  We w i l l  f i n d  t h e  dependence between t h e  
t h i c k n e s s  ?A and the  t r a n s p a r e n c y  FA, averaged acco rd ing  t o  r e g i o n
A ,  i n c r e a s i n g  from 0 t o  i n f i n i t y .  

Analogously w i t h  formula ( 4 )  we o b t a i n  

where 

The d i s p e r s i o n  .O$A i s  a random f u n c t i o n  and, consequent ly ,  t h e  

f u n c t i o n a l  connec t ion  ( 6 )  between ?A and rAi s  random i n  n a t u r e .  

By ave rag ing  O~ w e  o b t a i n  t h e  average  magnitude of  t h e  1133  
d i s p e r s i o n  TA 

- ‘3 .7 

2 = 6: - 3ZA. ( 7 )br& 



By s u b s t i t u t i n g  ( 7 )  i n t o  formula (6), w e  o b t a i n  t he  connec t ion  
between FA and a t  t he  average  magnitude of t h e  c o r r e c t i o n  f a c t o r  
i n  brackets. 

For  e s t i m a t i o n  of t h e  random n a t u r e  o f  t he  f u n c t i o n a l  connec
t i o n  i n  formula ( 6 )  w e  c a l c u l a t e  t h e  d i s p e r s i o n  o f  t h e  d i s p e r s i o n
u2 . Under t h e  assumption t h a t  t h e  o p t i c a l  t h i c k n e s s  has a co r re -

TA 
l a t i o n  f u n c t i o n  o f  t h e  form r ( t )  = e I ,  t h e  d i s p e r s i o n  of  t h e  
d i s p e r s i o n  o 2  i s  expres sed ,  i n  approximat ion ,  as 

T A  -


or 


2 4
I n  Fig.  3 t h e  d i s p e r s i o n  oo2 i s  g iven  i n  u n i t s  u T ,  t h e  mean 

2 T A  
square  d e v i a t i o n  i n  u n i t s  oT,  and t h e  v a r i a b i l i t y  f a c t o r  

A s  i s  appa ren t  from F ig .  3,  t h e  random n a t u r e  of  t h e  f u n c t i o n a l  
connec t ion  ( 6 )  i s  g r e a t e s t  i n  ave rag ing  a c c o r d i n g  t o  space A i f  
aA 5 1. With an  i n c r e a s e  i n  t h e  ave rag ing  s c a l e  t h e  random n a t u r e  
of  t h e  connec t ion  ( 6 )  d e c r e a s e s  s lowly  and w i t h  a d e c r e a s e  i n  s c a l e  
r a p i d l y .  

For c i r r u s  c louds  t h e  f a c t o r  i n  b r a c k e t s  i n  formula ( 4 )  
v a r i e s  f r o m  1.05 t o  1.15. Consequently,  i n  c a l c u l a t i n g  t h e  t r a n s 
parency acco rd ing  t o  the  average  o p t i c a l  t h i c k n e s s  w e  o b t a i n  r e 
s u l t s  s y s t e m a t i c a l l y  dec reased  by lo%, on t h e  ave rage .  I n  ca lcu
l a t i n g  t h e  average  o p t i c a l  t h i c k n e s s  a c c o r d i n g  t o  t h e  average  t r a n s 
parency,  w e  o b t a i n  a magnitude t h a t  i s  20% less t h a n  t h e  t r u e  v a l u e .  

I n  summary, we n o t e  t h a t  for a d e s c r i p t i o n  o f  t h e  l i g h t  regime
i n  f l u c t u a t i n g  media, i t  i s  inadequa te  t o  know t h e  average  charac
t e r i s t i c s  o f  t h e  medium. It i s  n e c e s s a r y  t o  know t h e i r  d i s p e r s i o n s ,
c o r r e l a t i o n  f u n c t i o n s ,  and,  i n  t h e  s o l u t i o n  of  c e r t a i n  problems,
a l s o  t h e  d i s t r i b u t i o n  f u n c t i o n s .  



,....-..,..... .. . . .. ....... . .. . 


By means of a method analogous to the one described, we may
obtain both the functional connections of the intensities or fluxes 
of radiation with the fluctuating albedo or the parameters of the 
extension of the indicatrix. By using the methods of moments, we / I34  
may analogously obtain also the connection between the correlation 
functions and the spectral densities. 
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O N  THE COVERAGE O F  THE SKY BY CLOUDS 

0. A. Avaste,  Yu, R ,  Mullamaa, 
K h .  Yu. N i y l i s k ,  and M .  A.  Su lev  

A t  t h e  p r e s e n t  t i m e  t he re  are two b a s i c  o p p o r t u n i t i e s  o f  de
t e rmin ing  t h e  c loud  cover :  ground and s a t e l l i t e  o b s e r v a t i o n s .  I n  
ground o b s e r v a t i o n s ,  t he  q u a n t i t y  of c louds  i s  expres sed  as t h e  
f r a c t i o n  of  coverage of  a n  imaginary hemisphere w i t h  i t s  c e n t e r  a t  
t h e  p o i n t  of  o b s e r v a t i o n .  S ince  i n  t h e  g iven  case  t h e  q u a n t i t y  and 
d i s t r i b u t i o n  o f  t h e  c louds  depend upon the  v e r t i c a l  and h o r i z o n t a l  
c o o r d i n a t e s  of t h e  o b s e r v a t i o n  p o i n t ,  w e  w i l l  c a l l  t h e  c loud  cover  
determined i n  such a manner " r e l a t i v e " .  A w i d e l y  used method i s  to 
d e f i n e  c l o u d i n e s s  i n  t e r m s  of p o i n t s  on a scale,-.,which a r e  found 
by m u l t i p l y i n g  t h e  f r a c t i o n  of  sky covered by-:lO-.-By p r o j e c t i o n
o f  t h e  c louds  on a n  imaginary sphere  w i t h  i t s  c e n t e r  a t  t h e  
c e n t e r  of t h e  ear th  (or, w i t h  a p l a n e - p a r a l l e l  model of t h e  
atmosphere,  o n t o  a h o r i z o n t a l  s u r f a c e ) ,  w e  o b t a i n  t h e  so -ca l l ed  
a b s o l u t e  c loud cover .  I n  o t h e r  words, a b s o l u t e  c loud cover  i s  t h e  
q u a n t i t y  of  c loud cover  a t  t h e  z e n i t h  ove r  t h e  t e r r i t o r y  under  con
s i d e r a t i o n .  S a t e l l i t e  photographs o f  c l o u d s ,  which are ob ta ined  
by means of photography a t  r e l a t i v e l y  s m a l l  a n g l e s  to t h e  v e r t i c a l ,  
g i v e  magnitudes t h a t  are c l o s e  to t h e  a b s o l u t e  c loud  cover .  

W e  should  n o t e  t h a t  bo th  ground and s a t e l l i t e  o b s e r v a t i o n s  of 
t h e  p o i n t  number of t h e  c loud  cover  do no t  c o n t a i n  any in fo rma t ion  
concern ing  t h e  dependence of t he  p r o b a b i l i t y  o f  coverage of t h e  
sky by c louds  upon t h e  z e n i t h  s i g h t i n g  a n g l e .  At t h e  same t ime ,  t h e  
r a d i a t i o n  regime of t h e  atmosphere ( such  as,  f o r  example, the  dura
t i o n  of sunsh ine ,  f l u x e s  of  s c a t t e r e d  r a d i a t i o n ,  e t c . )  i s  determined 
mainly no t  on ly  by t h e  q u a n t i t y  of  t h e  c loud  cove r ,  bu t  a l s o  b y  t h e  
t h i c k n e s s  of  i n d i v i d u a l  c louds  and by t h e i r  d i s t r i b u t i o n  throughout
t h e  sky. 

Thus, t h e  problem o f  t h e  d e t e r m i n a t i o n  of  v a r i o u s  c h a r a c t e r i s 
t i c s  of c loud cover  and a sce r t a inmen t  of t h e i r  i n t e r r e l a t i o n s h i p ,
and a l s o  t h e  s e l e c t i o n  of  a p p r o p r i a t e  c loud  c h a r a c t e r i s t i c s  f o r  
d e t e r m i n a t i o n  of t h e  r a d i a t i o n  f i e l d  i n  t h e  atmosphere,  i s  a very  
u rgen t  one. For t h i s  purpose ,  a c y c l e  of t h e o r e t i c a l  i n v e s t i g a - /135
t i o n s  was performed a t  t h e  I F A  AN ESSR. 

The q u a n t i t y  of r e l a t i v e  c loud  cover ,  acco rd ing  to e s t i m a t e s  
[l], i n  c louds  of t h e  lower and middle l e v e l s  as a f u n c t i o n  of  
t h e i r  a l t i t u d e ,  i s  p r a c t i c a l l y  e n t i r e l y  determined by t h e  c loud  
f i e l d  w i t h  a r a d i u s  of  15-25 k m  above t h e  o b s e r v a t i o n  p o i n t .  

Averaging throughout  t h e  sky on such s c a l e s  t u r n s  o u t  to be 
inadequa te  f o r  p r o v i d i n g  t h e  s t a b i l i t y  of  t h e  magnitude of  t he  



r e l a t i v e  c loud  cove r - W i t h  an  approach to t he  layers of  c loud  
cover  i n  o b s e r v a t i o n  from a i r c r a f t  and b a l l o o n s ,  t h e  ave rag ing
s c a l e  d e c r e a s e s  and as a r e s u l t  the  random v a r i a b i l i t y  of the  re l 
a t i v e  p o i n t  number i n c r e a s e s .  According t o  estimates performed 
the  d e v i a t i o n s  of  the  momentary v a l u e s  from the mean may r e a c h  as 
much as 23 p o i n t s  [l]. There fo re ,  f o r  re l iab le  d e t e r m i n a t i o n  of 
t h e  average  r e l a t i v e  p o i n t  number of t h e  c loud  cover ,  an  a d d i t i o n a l  
a v e r a g i n g  of  ground o b s e r v a t i o n s  o r  spatial  ave rag ing  acco rd ing  to 
the  r e s u l t s  of o b s e r v a t i o n s  from s e v e r a l  p o i n t s  i s  r e q u i r e d .  I n  
o t h e r  words, the  c loud  f i e l d  as a whole i s  c h a r a c t e r i z e d  on ly  by 
averaged v a l u e s  o f  the  parameters be ing  used.  I n  a case  of  neces
s i t y  o f  the s t u d y  of  the v a r i a b i l i t y  of the c loud  cover ,  we should  
apply  dispers ion-harmonic a n a l y s i s  to i t  cIV.22-231. 

Three c a l c u l a t i o n  schemes are g iven  below f o r  d e t e r m i n a t i o n  
of the averaged v a l u e s  of  the p r o b a b i l i t y  of  coverage of the  s i g h t i n g
d i r e c t i o n  and t h e  p o i n t  number of t h e  r e l a t i v e  c loud  cover  as a func
t i o n  of t h e  a b s o l u t e  c loud  cover  and as a f u n c t i o n  of t h e  n a t u r e  of  
the  d i s t r i b u t i o n  of the  c louds  throughout  the  sky.  

I n  a l l  these models, t h e  f o l l o w i n g  assumpt ions  w e r e  made: the 
atmosphere i s  p l a n e - p a r a l l e l ,  t h e  f i e l d  of c loud  cover  i s  homogene
ous and i s o t r o p i c ,  the  h e i g h t  of the  lower boundary of a l l  the 
c louds  i n  the c loud  s y s t e m  i s  the  s a m e .  

I n  model I [2,3] an  a d d i t i o n a l  assumption w a s  made, that  the 
c loud  i s  approximated by c y l i n d e r s  w i t h  a base r a d i u s  q and a t h i c k 
n e s s  h, which on the  p l a n e  of the  lower boundary of  the  c louds  are 
d i s t r i b u t e d  acco rd ing  to P o i s s o n ' s  l a w .  

I n  model I1 [ 4 ]  t h e  c louds  are approximated by  s t r a i g h t  c y l i n 
ders w i t h  an a r b i t r a r y  c o n f i g u r a t i o n  of  the  bases. The d i s t r i b u 
t i o n  of  them on the p l a n e  of  the  lower boundary o f  the  c louds  i s  
a r b i t r a r y .  

I n  a d d i t i o n  it i s  assumed t h a t  the h o r i z o n t a l  and v e r t i c a l  
dimensions of the c l o u d s ,  and a l s o  t h e  d i s t a n c e  between them, are 
independent  of  each  o t h e r .  T h i s  assumption i s  made f o r  t h e  purpose
of  s i m p l i f i c a t i o n  of c a l c u l a t i o n  formulas ;  i n  p r i n c i p l e  it i s  pos
s i b l e  to d e r i v e  formulas  of  model I1 f o r  a c a s e  when t h e  geometr i 
c a l  c h a r a c t e r i s t i c s  of the c louds  depend upon each  other:  

I n  model I11 [5] the c louds  are modeled by a cont inuous  random 
Gaussian s u r f a c e ,  bounded a t  a c e r t a i n  l e v e l  from below. 

We w i l l  g i v e  t h e  c a l c u l a t i o n  formulas  f o r  d e t e r m i n a t i o n  of 
the averaged v a l u e s  of  the  p r o b a b i l i t y  of coverage of t h e  d i r e c t i o n  



-
of s i g h t i n g  (sa)  and t h e  r e l a t i v e  cloud cover  (n) for v a r i p u s  ~ o c ? e l s / 1 3 ~As i s  w e l l  known,- E8 and E a r e  a s s o c i a t e d  w i t h  each  o t h e r  n t e 
f o l l o w i n g  manner: 

The q u a n t i t i e s  G8 and i n  model I are c a l c u l a t e d  acco rd ing  
to t h e  formulas  

G.,, - : 1 --os\, 1' - 7P (nqa - 1  Iqk tgzj)!, 

ii =no - (1 -no)G (IC), 

where no  i s  the  q u a n t i t y  of t h e  a b s o l u t e  c loud  cover  over  t he  p l a n e  
under c o n s i d e r a t i o n ;  

yP 
i s  t h e  d e n s i t y  of the  c e n t e r s  of  c louds  

d i s t r i b u t e d  on t h i s  p l a n e  acco rd ing  to P o i s s o n ' s  l a w  (y
P 

i s  func

t i o n a l l y  connected w i t h  t h e  p o i n t  number of t h e  c louds  C6-J);  a i s  
the  r a d i u s  of  t h e  c louds ,  h i s  the t h i c k n e s s  of the  c louds ,  and 
Q i s  t h e  s i g h t i n g  a n g l e .  

The parameter  k i s  determined as the  s t a t i s t i c a l  average  ac
co rd ing  to the  formula  

n liand .c(16) =2 [ fi,(k )  - Yo ( 4 1 ,  
( 5 )  

where H 0 (k )  i s  a zero-order  S t ruve  f u n c t i o n ;  Yo(k) i s  a second- leve l  
zero-order  Besse l  f u n c t i o n  ( a  Weber f u n c t i o n ) .  

I n  model I1 f o r  d e t e r m i n a t i o n  of 58 the  f o l l o w i n g  formula w a s  
ob ta ined  

OD m 

where y i s  t h e  f requency  of t h e  c louds  upon the  r o u t e  b e i n g  inves 
t i g a t e d  ( the average  number of the  c louds  p e r  u n i t  of l e n g t h ) ;  
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p(R) is the probability density of cloud openings (g); p(h) is 

the probability density of the vertical thickness of,theclouds. 


In model I11 5 is calculated in the following manner: 
I '  

iia=n o e s p  (- no IN (6)- 11) - exp {- no [ N  (6)- 111,. ( 7 )  
where 


where o2 is the dispersion of the derivative from a normal randomz '  
surface; erf is the probability integral. 


In models I1 and I11 the relative cloud cover E is obtained 
according to formula (1). 

The models 1-111 given above contain parameters determined 

experimentally. 


In model I: no is the absolute cloud cover, p(q) is the 1137 

probability density of the cloud elements, p(h) is the probability 

density of the thickness of the clouds. 


In model 11: y is the frequency of the clouds in a cross-
section of the track under consideration, p(g) is the probabili-3y
density of cloud openings, p(h) is the probability density of the 

thickness of the clouds. 


In model 111: no is the absolute cloud cover, ozI is the 
dispersion of the derivative from a random surface. 


Let us compare the models developed. 


An advantage of models I and I1 should be considered, the 

fact that they make it possible to follow the effects of the in
fluence of the geometrical structure of the cloud field on the 
magnitude of the relative cloud cover easily. Model I makes it 
possible to derive analytical formulas for calculation of the 
probability that in the direction 8 in the solid angle R there is 
not one cloud element [3]. In model I1 the calculation of the 
quantity is performed on the basis of values of y, p(R), and 

p(h) assigned or experimentally determined without any sort of 

limitation relative to the distribution of the clouds. An 


.. , 



advantage of model I11 is the quite general form of the cloud 

field-a random Gaussian surface. 


The results of the calculations according to the three models 

explained coincide with an accuracy up to the errors of measurement 

of the initial parameters. 


Among the shortcomings and limitations of the methods we 

should note: 


1. Models I and I1 use a quite rough approximation of the 
clouds by straight cylinders. In model I, in addition, it is 
assumed that the bases of the cylinders are circles. 

2. In models I and I1 the probability density of the thick
ness of the clouds p(h), which it is difficult to determine ex
perimentally, enters into the initial parameters. However, this 
difficulty may be overcome by using the dependence between the 
dimensions of the bases and their thickness from the experimental
data [3] or by using the average thickness of the cloud system
[4], with a judicious selection of which the errors are very small 
C41. 

Model I gives slightly exaggerated results at no > 0.6. This 
is caused by the fact that cumulus clouds are not randomly distri
buted, as is assumed in the Poisson model, but correlation depend
ences are observed (for example, the so-called cloud series, a 
cluster of clouds at large relative coverage, etc.). On the other 
hand, with a limiting decrease of the point number of cover at the 
zenith (no + 0) the cloud elements obtained theoretically by limi
tation of the random Gaussian surface from below are distributed 
in space according to Poisson's law. The latter explains the good 
agreement of all the models at small values of no. 

In model I11 a certain difficulty arises in the determination 
of the dispersion o : , ,  which is calculated indirectly according 
to formula (7) on the basis of exgerimental data for no and i? . 
However, it turns out that the dispersion of the derivative from 
a random Gaussian surface is 1.4 on the average and increases 
i2significantly with a growth of the absolute cloud cover. If /138 
CI 

Z'  
-isassumed t o  be independent of the point number n0, then 

2 
CI 2' becomes a constant which can be much more readily deter
mined. In this work CI:, was determined with the use of photographs 
of the sky obtained by means of a spherical mirror. The observations 

were performed at Tyraver (near Tartu) and. near Moscow (at Zveni

gorod) [IV.20]. 
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F i g .  1. Average coverages of t h e  
d i y e c t i o n  of s i g h t i n g s  by  c louds  
a c c o r d i n g  t o  formula ( 2 )  a t  mag
n i t u d e s  of  r e l a t i v e  c loud  cover  
o f  0 .1-0.7 as a f u n c t i o n  of t h e  
z e n i t h  a n g l e .  

U dff Ug I r t .  

, _  

I n  F ig .  1 t h e  averaged v a l u e s  o f  t h e  coverage of t h e  sky are 
g iven  as a f u n c t i o n  of  t h e  z e n i t h  a n g l e  and t h e  s i g h t i n g  ang le  a t  
magnitudes of t h e  " r e l a t i v e "  c loud  cover  from 0 . 1  t o  0 . 7 .  These 
curves  were c a l c u l a t e d  acco rd ing  t o  formula ( 7 )  a t  o $ ,  = 1 . 4 .  It 
i s  appa ren t  t h a t  t h e  coverage o f  t h e  d i r e c t i o n  o f  s i g h t i n g  beg ins  
t o  i n c r e a s e  cons ide rab ly ,  beginning  w i t h  a z e n i t h  ang le  o f  about  
50'. According t o  i n v e s t i g a t i o n  [ 4 ]  (model I1 i n  this work) a 
curve  resembl ing  t h e  one g iven  i n  F i g .  1 was ob ta ined  w i t h  an  
average t h i c k n e s s  of  t h e  c louds  o f  abou t  0 .1 -0 .2  km. 

F ig .  2 .  Dependence o f  t h e  averaged  
n magnitudes of  t h e  r e l a t i v e  c loud  

cover  upon t h e  magnitudes of  t h e  
a b s o l u t e  c loud  cover .  
Curves are r e s u l t s  of  t h e  ca lcu
l a t i o n s  f o r  a t h e o r e t i c a l l y  as
s i g n e d  f u n c t i o n  p ( k )  a t  two v a r i 
a t i o n s  o f  t h e  v e r t i c a l  t h i c k n e s s  
of  t h e  c louds  ( 0 . 1  and 1 k m ) ;  
1) r e s u l t s  of  t h e  c a l c u l a t i o n s

- 3  	 a c c o r d i n g  t o  expe r imen ta l ly  de
te rmined  magnitudes o f  y and p (R) ;
2 )  t h e  same magnitude, c a l c u l a t e d  
a c c o r d i n g  t o  method I [formulas
( 3 ) - ( 5 ) ] ;  3 )  h=1.0 km;  4) h=0 .1  k m .  

The d e t e r m i n a t i o n  of t he  dependence of t he  averaged v a l u e s  
of t h e  r e l a t i v e  c loud  cover  E upon t h e  magnitudes of  t h e  a b s o l u t e  
c loud cover  acco rd ing  t o  v a r i o u s  c a l c u l a t i o n  schemes (models I
111) demonst ra tes  t ha t  t h e  magnitudes of ii are always g r e a t e r  
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t h a n  the  cor responding  magnitudes of  no.  These d ive rgences  are 
t h e  maximum a t  medium p o i n t  numbers o f  t h e  c loud  cover  and depend
cons ide rab ly  upon t h e  v e r t i c a l  t h i c k n e s s  of t he  c louds .  A s  an 
example, i n  F i g .  2 the  magnitudes of t he  " r e l a t i v e "  c loud  cover ,  
averaged acco rd ing  to v a r i o u s  r o u t e s ,  as a f u n c t i o n  o f  t he  q u a n t i 
t y  of t he  a b s o l u t e  c loud  cover  ( acco rd ing  to model I1 [4]), are 
p r e s e n t e d .  The  cu rves  r e p r e s e n t  t he  r e s u l t s  of  c a l c u l a t i o n s  ac- L1-394 
cord ing  to formulas  (1) and ( 6 )  under the  assumptions t ha t  h = 
= cons t  and p(R) = c o n s t  f o r  two v a r i a t i o n s  o f  t he  v e r t i c a l  t h i c k 
n e s s  of  t h e  c louds  (h  = 0 . 1  and h = 1 k m ) .  The r e s u l t s  of t he  
c a l c u l a t i o n s  acco rd ing  to t h e  expe r imen ta l ly  determined f u n c t i o n s  
p ( R )  a r e  p l o t t e d  by  d o t s .  I n  t h i s  c a s e  i t  w a s  assumed tha t  t he  
v e r t i c a l  t h i c k n e s s  of  each  c loud  on t h e  p l a n e  of  t h e  c r o s s - s e c t i o n  
i s  e q u a l  to t he  l e n g t h  of i t s  h o r i z o n t a l  dimension.  I n  t h e  g iven  
case  t h e  averaged magnitudes of  the  r e l a t i v e  c loud  cover  exceed 
t h e  cor responding  magnitudes of  t h e  a b s o l u t e  c loud  cover  b y  2-3 
p o i n t s  on t h e  average .  T h i s  i s  a l s o  confirmed by c a l c u l a t i o n s  ac
co rd ing  to model I .  According to model I11 maximum divergences  of 
about  1 . 5  p o i n t s  were o b t a i n e d .  

We should emphasize tha t  t h e  averaged magnitudes of t h e  "rel
a t i v e "  c loud  cover  are determined mainly by t h e  v a l u e  of  t h e  f re
quency o f  openings [y i n  formula (6)] and to a much lesser degree
t h a n  t h i s  whether t h e  c loud  openings are t h e  same or d i f f e r  s t r o n g 
l y  from each o t h e r  [SI. Consequent ly ,  i n  c a l c u l a t i o n s  acco rd ing  
to model I1 r e l i a b l e  data are r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  of  
y and t h e  f u n c t i o n  p (R)  i s  determined only  t e n t a t i v e l y .  T h i s  c i r 
cumstance cons ide rab ly  s i m p l i f i e s  t h e  accumulat ion o f  expe r imen ta l
i n i t i a l  data  f o r  t h e  c a l c u l a t i o n .  

W e  w i l l  now summarize. 

Within t h e  l i m i t s  of t h e  accuracy  o f  t he  d e t e r m i n a t i o n  of 
i n i t i a l  expe r imen ta l  pa rame te r s ,  c a l c u l a t i o n s  a c c o r d i n g  t o  t he  
t h r e e  methods e x p l a i n e d  c o i n c i d e ,  and t h e r e f o r e  t h e  s e l e c t i o n  of 
one method or a n o t h e r  i n  each s p e c i f i c  case  i s  de te rmined  b a s i c a l l y
by t h e  a v a i l a b l e  expe r imen ta l  data and by t h e . p u r p o s e s  of  t he  i n 
v e s t i g a t i o n .  The  parameters of model 111 are determined more 
e a s i l y  from t h e  experiment  t h a n  the  paramet,ers o f  models I and 11. 

I n  cumulus c louds ,  t he  coverage of the d i r e c t i o n  o f  s i g h t i n g
by t h e  c louds  beg ins  to i n c r e a s e  cons ide rab ly  a t  z e n i t h  d is t ' ances  
.9 > 50° .  A s  a consequence o f  t h i s ,  f o r  example, t he  d u r a t i o n  o f  
sunshine  d e c r e a s e s  w i t h  a d e c r e a s e  i n  t h e  a l t i t u d e  of the  sun,  
w i t h  an  unchanged s t a t e  of  t he  c loud  cover .  



A p o i n t  number o f  cumulus c loud  cover ,  measured from an  
a r t i f i c i a l  ear th  s a t e l l i t e ,  i s  a lways  l ess  t h a n  t h e  r e l a t i v e  
p o i n t  number a t  t he  ear th 's  s u r f a c e ,  which i t  i s  necessa ry  t o  
bear i n  mind i n  t h e  use  o f  s a t e l l i t e  data  f o r  ground c o n d i t i o n s .  

180 




REFERENCES 


1. 	 Niylisk, Kh. Yu., "On certain characteristics of cloud 

cover", Collection: Radiatsiya i oblachnost' (Radiation

and Cloudiness), IFA AN ESSR, Tartu, 1969. 


2. 	 Avaste, 0. A., "Increase in cloud cover at the horizon in 

a case of ground observation", Collection: Radiatsiya

i oblachnost' (Radiation and Cloudiness), IFA AN ESSR,

Tartu, 1969. 


3. 	 Avaste, 0. A., "Method of calculating the coverage of the 

sky by the lateral parts of cloud elements", Collection: 

Radiatsiya i oblachnost' (Radiation and Cloudiness), IFA 

AN ESSR, Tartu, 1969. 


4. 	 Niylisk, Kh. Yu., Yu. R. Mullamaa, M. A. Sulev, "On the 

coverage of the sky by clouds", Collection: Radiatsiya

i oblachnost' (Radiation and Cloudiness), IFA AN ESSR, 

Tartu, 1969. 


5. 	 Mullamaa, Yu. R., "On the coverage of the sky by cumulus 

clouds", CoXlection: Radiatsiya i oblachnost' (Radia

tion and Cloudiness), IFA AN ESSR, Tartu, 1969. 


181 




CONCLUSION I ., 

We will list the basic results of the theoretical and experi- /140

mental investigations described. 


I. Long-Wave Radiation 


Various integral transmission functions of the gaseous compo
nents of the atmosphere are compared, which are used in radiation 
calculations, and a new transmission function constructed on the 
basis of more complete spectral data c I . 1 3 .  

It was ascertained that in the most important range of the 

masses of the underlying substances all the transmission functions 

agree with an accuracy of up to 10%. 


The integral transmission function for a cloudy atmosphere, 


'cloud) considering absorption by cloud particles and atmospheric 


gases at a given space-time distribution of the density of gases

and the absolute humidity, was calculated. By means of CP cloud it 


became possible to dispense with prior assumptions concerning black 
radiation of the cloud boundaries, to consider the variation of 
the radiation field in the process of the origin, development, and 
destruction of clouds [1 .2 ,1 .3] ,  and the continuous spatial distri
bution of the fluxes. Powerful heat (radiation) sources inside 
the clouds near their boundaries were investigated, which is im
possible in the "black1'approximation, and also other characteris
tic regions of the radiation influx, depending upon the factors 
determining them CI.2  and 1.33. 

It was ascertained that the "black" approximation describes 

influxes near the cloud boundaries (outside the cloud) with an 

error of the order of 50%; as the distance from the cloud increases 

the error rapidly decreases. The influx to the entire column of 

the atmosphere or to the entire column of the layer over the cloud 

in this approximation is calculated with an error not exceeding

lo$, and the influx to the cloud layer with an error not exceeding

20%; the relative error of the calculation of the influx to the 

entire layer below the cloud is very great, which is not t o o  es
sential since this influx is small CI.31 at z S 5 km.nag 

Special attention was paid to the calculation and investiga
tion of the behavior of the influx to thick atmospheric layers,
in accordance with small vertical resolution in problems of'the 
general circulation of the atmosphere. It was ascertained that /141 
the cloud layer as a whole is a high-capacity heat sink, providing 
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approximately half or more ( i n  m u l t i - l a y e r  c loud cove r )  of t h e  
g e n e r a l  r a d i a t i o n  c o o l i n g  of t h e  atmosphere cI.11. 

Much a t t e n t i o n  i s  devoted i n  t h i s  c o l l e c t i o n  t o  approximate
methods of c a l c u l a t i n g  thermal r a d i a t i o n  i n  comparison w i t h  more 
a c c u r a t e  methods [I .3 ,4 ,5] .  Formulas were proposed f o r  d e s c r i p 
t i o n  of t h e  s t r u c t u r e  of l o c a l  heat ( r a d i a t i o n )  sou rces  a t  t h e  
cloud boundar ies ,  t h e i r  g e n e r a l  heat c o n t e n t ,  and a l s o  the  i n f l u x  
t o  the  e n t i r e  l aye r s  below t h e  c loud ,  i n  t he  c loud ,  between the  
c louds ,  and above the  c l o u s  CI.31. The e r r o r  of  the formulas  i n  
i n d i v i d u a l  c a s e s  may r e a c h  50%, b u t ,  however, t h e y  are a t t r a c t i v e  
f o r  t h e i r  s i m p l i c i t y  and p h y s i c a l  c l a r i t y .  I n  [ I . 4 ]  approximate
a lgo r i thms  for c a l c u l a t i n g  long-wave r a d i a n t  f l u x e s  and t h e  i n f l u x ,  
ob ta ined  from p h y s i c a l  and mathematical  c o n s i d e r a t i o n s ,  were s t u d i e d .  
I n  CI.51 c a l c u l a t i o n s  acco rd ing  t o  these methods are compared w i t h  
more a c c u r a t e  methods u s i n g  i n t e g r a l  and s p e c t r a l  t r a n s m i s s i o n s  
f u n c t i o n s  and t h u s  t he  sequence of  methods of  d e c r e a s i n g  accuracy
( a t  a known e r r o r )  and i n c r e a s i n g  s i m p l i c i t y  i s  e s t ab l i shed .  

N a t u r a l  l i m i t a t i o n s  of the accuracy  of  r a d i a t i o n  c a l c u l a t i o n s  
o r i g i n a t e  because of e r r o r s  of measurement of t h e  me teo ro log ica l  
f i e l d .  I n  CI.61 i t  w a s  demonstrated t h a t  t h e  contemporary accuracy
of measurement of t empera tu re  i s  adequate  f o r  c a l c u l a t i o n  f o r  t h e  
long-wave r a d i a n t  i n f l u x  t o  t h e  t roposphe re  and the  lower s t r a t o 
sphere  w i t h  a n  e r r o r  n o t  exceeding 10%. Such a n  e r r o r  i s  provided
by t h e  accuracy  of  measurement of  t h e  humidi ty  i n  c o n d i t i o n s  of  
t h e  lower t roposphe re .  The e r r o r  of c a l c u l a t i o n  of  the  i n f l u x  a t  
h i g h e r  l e v e l s  r a p i d l y  i n c r e a s e s  due t o  imper fec t  methods of  meas
u r i n g  t h e  humidi ty .  I n  c o n d i t i o n s  of broken c loud  cover ,  t h e  v a l u e s  
of t he  r a d i a t i o n  f l u x e s  depend upon the  h o r i z o n t a l  d i s t r i b u t i o n  of 
t h e  c louds .  

A s  a consequence of t h e  g r e a t  degree  of b l ackness ,  o f  even very
t h i n  c louds  ( w i t h  a n  a b s o l u t e  humidi ty  of  0.03-0.05 g/m3) the  b a s i c  
parameter  of c loud  cover  i n  c a l c u l a t i o n s  of f l u x e s  of long-wave
r a d i a t i o n  i s  the  q u a n t i t y  of  c louds .  I n  t h i s  c a s e ,  c a l c u l a t i o n  
of  c o u n t e r - r a d i a t i o n  w i t h  a n  e r r o r  l ess  t h a n  3% r e q u i r e s  a knowledge
of t he  zonal  number of p o i n t s  of c loud cover ,  i . e .  t h e  d e t a i l e d  
d i s t r i b u t i o n  of t h e  c louds  throughout  t h e  sky CI.71. C a l c u l a t i o n s  
on the  b a s i s  of data concern ing  t h e  g e n e r a l  number o f  p o i n t s  o f  
c loud  cover  gua ran tee  a n  e r r o r  o f  t h e  d e t e r m i n a t i o n  of t h e  counter-
r a d i a t i o n  of t h e  atmosphere of t h e  o r d e r  of 5-lO% as a f u n c t i o n  of 
t h e  n a t u r e  of t h e  d i s t r i b u t i o n  of t h e  c louds  throughout  t he  sky. 

I n  CI.71 p o s s i b i l i t i e s  of t h e  d e t e r m i n a t i o n  of averaged v a l u e s  
of  t h e  c o u n t e r - r a d i a t i o n  of  t h e  atmosphere (wi th  r e s p e c t  t o  t i m e  
or w i t h  r e s p e c t  t o  a c e r t a i n  t e r r i t o r y )  are cons idered  and the  
accuracy  of  the methods proposed i s  estimated. 



For check and c o n f i r m a t i o n  of t h e  r e s u l t s  o f  t h e  numer ica l  
experiments  and t h e o r e t i c a l  i n v e s t i g a t i o n s  performed,  long-wave
r a d i a n t  f l u x e s  i n  t he  50-3000 m l a y e r  were measured i n  St-Sc c louds  
w i t h  a d e t a i l e d  r e s o l u t i o n  w i t h  r e s p e c t  to a l t i t u d e ' C I . 8 1 .  

The measurements were conducted onboard a i r c r a f t  by means of  /142 
two t y p e s  o f  i n s t r u m e n t s :  a s t a n d a r d  a c t i n o m e t r i c  a p p a r a t u s  and 
r a d i a t i o n  thermal e l emen t s  des igned  by B. P. Kozyrev. The mean 
squa re  d e v i a t i o n  o f  the  r e s u l t s  o f  measurements i n  b o t h  c a s e s  d i d  
n o t  exceed lo%, on t h e  ave rage .  The measurements demonst ra ted  the  
good convergence o f  t h e  average  p r o f i l e s  o f  t h e  i n f l u x e s  c a l c u l a t e d  
acco rd ing  t o  averaged  data from measurements of  t h e  t empera tu re ,
r e l a t i v e  humidi ty ,  and a b s o l u t e  humidi ty ,  and acco rd ing  to averaged
data from measurements from t h e  f l u x e s .  A s y s t e m a t i c  d i f f e r e n c e  
was observed between t h e  measured and c a l c u l a t e d  f l u x e s  above t h e  
c louds ,  which d i d  n o t  appea r  i n  t h e  i n f l u x e s .  

11. Short-Wave R a d i a t i o n  

The behav io r  o f  f l u x e s  of  v i s i b l e  s o l a r  r a d i a t i o n ,  0 . 4  A 5 
2 0.75 micron, and i n f r a r e d  s o l a r  r a d i a t i o n ,  0 .75  micron S A bmic rons  
i s  cons idered ,  and a l s o  d i r e c t  and s c a t t e r e d  s o l a r  r a d i a t i o n ,  i n  
c l o u d l e s s  c o n d i t i o n s  a t  t h e  l e v e l  of t h e  e a r t h ' s  s u r f a c e  as a f u n c t i o n  
o f - t h e  t u r b i d i t y  ( p o l l u t i o n )  and humidi ty  o f  t h e  atmosphere [II.lO].
The t o t a l  s o l a r  r a d i a t i o n  f l u x  a r r i v i n g  a t  t h e  s u r f a c e  of  t he  e a r t h  
v a r i e s  by no t  more t h a n  30 and 15%w i t h  v a r i a t i o n  of  t b e  t u r b i d 
i t y  and humidi ty  of t h e  atmopshere,  r e s p e c t i v e l y ,  w i t h i n  l i m i t s  of 
p o s s i b l e  c l i m a t i c  v a r i a t i o n s  o f  t h e s e  q u a n t i t i e s .  The d i s t r i b u t i o n  
of t h e  i n f l u x  w i t h  r e s p e c t  to a l t i t u d e  w a s  i n v e s t i g a t e d ,  as a func
t i o n  of t h e  con ten t  of  water vapor  and i t s  d i s t r i b u t i o n .  Approxi
mation formulas  were o b t a i n e d  f o r  t he  t o t a l  f l u x  o f  s o l a r  r a d i a t i o n  
a r r i v i n g  a t  t h e  s u r f a c e  of t h e  e a r t h ,  and the  i n f l u x  i n  the  f ree  
atmosphere w i t h  c o n s i d e r a t i o n  o f  t h e  v a r i a t i o n  of  p r e s s u r e  accord
i n g  t o  a l t i t u d e .  

The same r e s u l t s  and methods of  t h e  c a l c u l a t i o n  o f  t h e  f l u x e s  
and i n f l u x e s  of  s o l a r  r a d i a t i o n  may b e  used i n  s t r a t o f o r m  c loud  
cover  i f  t he  a lbedo  of t h e  c louds  i s  known. C a l c u l a t i o n  o f  t h e  
non-monochromatic a l b e d o  i n  t h e  i n f r a r e d  r ange  of  wavelengths  w i t h  
c o n s i d e r a t i o n  of a b s o r p t i o n  b y  t h e  gaseous components i s  a d i f f i c u l t  
task. The s o l u t i o n  o f  t h i s  problem w i t h i n  t h e  framework of  t h e  
c l a s s i c  t h e o r y  of  r a d i a t i o n  t r a n s f e r  i s  i m p o s s i b l e ,  s i n c e  t h e  de
t e r m i n a t i o n  of t h e  t r u e  l e n g t h  of t h e  p a t h  o f  t he  photons i n  t h e  
c loud  i s  r e q u i r e d .  The f i r s t  r e s u l t s  of  a work performed i n  t h i s  
d i r e c t i o n  are p r e s e n t e d  i n  cII.111. The  v a l u e s  of  t h e  a lbedo  i n  
t h e  b a s i c  bands o f  t he  a b s o r p t i o n  spectrum o f  water vapor  and t h e  
i n t e g r a l  a lbedo  i n  a c a s e  of  dense c louds  w i t h  normal i n c i d e n c e  
of  t h e  sunbeams were c a l c u l a t e d .  The q u a n t i t y  o f  t h e  s o l a r  radia
t i o n  absorbed by the  c loud  l a y e r  was determined.  
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Experimental  i n v e s t i g a t i o n s  of t he  s t r u c t u r e  of  t h e  s h o r t 
wave r a d i a t i o n  f i e l d  i n  s t r a t o f o r m  S t  and Sc c louds  are p r e s e n t e d
i n  [ I I . 12 ,13 ] .  I n  these  works t he  averaged v e r t i c a l  p r o f i l e  of  
the  ba lance  of r a d i a n t  f l u x e s  and t h e  i n f l u x  i n  t h e  c louds  w a s  
o b t a i n e d .  The average  r e f l e c t i o n  and a b s o r p t i o n  c a p a b i l i t y  o f  
the  c louds  was e x p e r i m e n t a l l y  determined,  as a f u n c t i o n  of the 
t h i c k n e s s  of  t h e  cloud l aye r  and t h e  p o s i t i o n  of t h e  sun.  

I n  broken c loud  cove r  t h e  dependence of t h e  f l u x  of d i r e c t  
s o l a r  r a d i a t i o n  upon the  zonal  number of p o i n t s  of cloud cover  i n  
t h e  angu la r  zone c o n t a i n i n g  t h e  sun i s  a s c e r t a i n e d ,  and the  depend
ence of  t h e  s c a t t e r e d  r a d i a t i o n  upon t h e  g e n e r a l  r e l a t i v e  number /143
of p o i n t s  o f  cloud cover  [11.19,21].  The d u r a t i o n  of  s u n l i g h t  as -
a parameter  of c loud cover  more r e p r e s e n t a t i v e  t h a n  the  number of  
p o i n t s  w i t h  r e l a t i o n s h i p  to t he  average f l u x e s  of d i r e c t  r a d i a t i o n  
and total r a d i a t i o n  i s  cons ide red  CII .211.  

111. 	 Turbul-ent and Radiant  Heat T r a n s f e r  i n  t h e  Boundary
L a v e r  o f  t h e  A t m o s D h e r e  

A s  i s  w e l l  known, t h e  boundary l a y e r  of t h e  atmosphere (up t o  
the  l e v e l  of t h e  fo rma t ion  of  c l o u d s )  may be  hea ted  by r a d i a t i o n ,  
t u r b u l e n c e ,  and a d v e c t i v e  i n f l u x e s  of h e a t .  I n  o r d e r  to a s c e r t a i n  
t he  s i g n i f i c a n c e  of each  o f  these f a c t o r s ,  t hey  were measured i n  
t h e  50-500 m l a y e r  from onboard an  a i r c r a f t  i n  c o n d i t i o n s  o f  w e l l -
developed convec t ion  CIII.14,151. 

It t u r n e d  ou t  t h a t  a l l  t h e  t y p e s  of  heat t r a n s f e r  l i s t e d  g i v e  
an i n f l u x  of  t h e  same o r d e r  of magnitude. Together  w i t h  t h i s  t he  
e q u a t i o n  of h e a t  t r a n s f e r ,  as a r u l e ,  does no t  c l o s e .  A d d i t i o n a l  
i n v e s t i g a t i o n s  and works to i n c r e a s e  t h e  accuracy  o f  t h e  measure
ments of  each of t he  components of h e a t  t r a n s f e r  were r e q u i r e d .
I n  p a r t i c u l a r ,  a methodology was developed and f o r  t he  f i rs t  t i m e  
measurements were made of t he  s p e c t r a  of  t u r b u l e n t  heat f l u x e s  i n  
t he  boundary l a y e r  of t h e  atmosphere.  The r e s u l t s  of  these measure
ments made i t  p o s s i b l e  to estimate t h e  s c a l e s  of  t he  he te rogene i 
t i e s  r e s p o n s i b l e  for t h e  t u r b u l e n t  heat t r a n s f e r  and to determine  
the  requi rements  imposed upon the  f requency  c h a r a c t e r i s t i c s  o f  the  
measuring a p p a r a t u s  and t h e  necessa ry  ave rag ing  t i m e  i n  such a t y p e
of measurements CIII.141. 

It was demonst ra ted  t ha t  t h e  s p e c t r a  of t u r b u l e n t  heat f l u x e s  
i n  well-developed convec t ion  over  t he  s t e p p e  I n , t h e  5 0 - 5 0 0  m layer
have maxima cor responding  t o  t h e  dimensions of t he  he te rogene i 
t i e s  from 300  m a t  an a l t i t u d e  of 50 m and up to 1 1 0 0  m at a n  
a l t i t u d e  of 500 m CIII.141. 
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For the determination of radiation heat influxes in a thin 

layer, the accuracy of existing methods is inadequate, in connec

tion with which the development of a modulation method of measure

ment of the balance was begun. 


Measurements of radiant short-wave and long-wave fluxes in 

the boundary layer over the steppe and the sea CIII.151 in well-

developed atmospheric pollution made it possible to estimate the 

radiation variations of the temperature and to divide the absorp

tion of solar energy by water vapor and by the aerosols roughly,

in approximation. The latter turned out to be comparable with the 

former and in certain cases was predominating. 


It was observed that at a high degree of superheating of the 

soil (of the order of 20-30') relative to the air at the surface 

of the earth, which is characteristic for summer ground conditions, 

the long-wave radiation heats the entire boundary layer directly,

and in this case heating by solar radiation decreases. A hypothe

sis was advanced concerning the regulating role of the aerosol in 

the ratio between long-wave and short-wave heat transfer in the 

surface layer. 


IV. Statistical Structure of Radiation Fields in Clouds -/144~-

Real cloud cover is heterogeneous in space, variable in time,

and may be considered as a random process, in connection with which 

the radiation field also becomes random. 


An especially important task is study of the statistical 

structure of the radiation field in cumulus clouds and its para

metrization. The fact is that medium-scale cumulus clouds may be 

considered in problems of large-scale dynamics only on the basis 

of statistical connections with other meteorological fields. Also, 

obviously, the corresponding radiation field must be described. 


For the solution of this problem a cycle of ground operations 

was performed for recording the variability in time of the fluxes 

of short-wave radiation and the characteristics of cloud cover 

[IV.16-21,23]. 


For the study of the spatial variability of the total short
wave radiation flux and the reflected short-wave radiation flux 
over and under the clouds and the structure of the cloud cover, 
investigations aboard aircraft were conducted CIV.16-231. 

The time and space series of values of radiation fluxes and 

the characteristics of the cloud cover obtained were considered 
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as r e a l i z a t i o n s  of t h e  random f u n c t i o n s  and s u b j e c t e d  t o  s t a t i s t i c a l  
a n a l y s i s  on a d i g i t a l  computer. The average v a l u e s ,  d i s p e r s i o n s ,  cor
r e l a t i o n  f u n c t i o n s ,  s p e c t r a l  d e n s i t i e s ,  and d i s t r i b u t i o n  f u n c t i o n s  
of t h e  p r o b a b i l i t y  d e n s i t y ,  as w e l l  as the  v a r i a b i l i t y  f a c t o r s ,  
were c a l c u l a t e d .  The accuracy  of  t h e  s t a t i c t i c a l  c h a r a c t e r i s t i c s  
ob ta ined  w a s  es t imated.  Thus, i n  measurements of r a d i a t i o n  f l u x e s  
i n  t h e  atmosphere i n  c o n d i t i o n s  of a r e l a t i v e l y  homogeneous c loud  
cover  of S t ,  A s ,  Ac, Sc,  ave rag ing  of  n o t  l ess  t h a n  20-60 minutes  , *  

i s  r e q u i r e d  i n  ground measurements and n o t  less t h a n  15-40 km i n  
a i r c r a f t  measurements CIV.16,18]. An adequate  i n c r e a s e  i n  the  
s c a l e s  of space and t i m e  ave rag ing  makes i t  p o s s i b l e  t o  d e c r e a s e  
t he  d i s p e r s i o n  of  the mean by a n  o rde r  of magnitude [IV16-18,22].
I n  cumulus cloud cover  t h e  necessa ry  ave rag ing  s c a l e  i s  l o c a t e d  
w i t h i n  l i m i t s  of 40-100 min and i n c r e a s e s  w i t h  the  i n c r e a s e  i n  t he  
number of p o i n t s  of t h e  cloud cover .  The averaging  s c a l e s  and 
measurements of t h e  v e r t i c a l  p r o f i l e  of the r a d i a t i o n  f l u x e s  must 
be of  t h e  o rde r  of 1 0 0  km,  which exceeds t he  t e c h n i c a l l y  r e a l i s t i c  
s c a l e .  A s  a r e s u l t ,  w i t h  a n  adequa te ly  high degree of  accuracy  
w e  succeed i n  c o n s t r u c t i n g  only  t he  expe r imen ta l  r a d i a t i o n  model 
of t h e  "average s t r a t o f o r m  cloud" and achieve  a good agreement
only  w i t h  c a l c u l a t i o n s  a l s o  based on averaged p r o f i l e s  of tempera
t u r e ,  r e l a t i v e  humidi ty ,  and a b s o l u t e  humidi ty  C1.8, 1 1 . 1 2 1 .  

For de te rmina t ion  of t h e  d i s p e r s i o n ,  c o r r e l a t i o n  f u n c t i o n ,  
and s p e c t r a l  d e n s i t y ,  l o n g e r  r e a l i z a t i o n s  are r e q u i r e d .  I n  cumulus 
cloud cover  t he  optimum d u r a t i o n  amounts t o  1.5-2 hours ,  i n  s t r a t u s  
c loud  cover  of v a r i o u s  forms 2-4 hour s ,  and sometimes up t o  1 0  
hours  [ I V . l 7 , 2 0 ] .  The  n e c e s s i t y  of  such a long  p e r i o d  of  observa
t i o n  or corresponding  spa t i a l  s c a l e s  sometimes makes i t  imposs ib l e  1 1 4 5  
to s tudy  the  r a d i a t i o n  f i e l d  i n  c louds  w i t h i n  t he  framework of the  
t h e o r y  of  s teady-state  random f u n c t i o n s .  

I n v e s t i g a t i o n s  of t h e  s t r u c t u r e  of t o t a l  r a d i a t i o n  f l u x e s  a t  
t h e  ea r th ' s  s u r f a c e  [IV.19,21] demonstrated t h a t  t h e  d i s p e r s i o n  . 

of the  f l u x  i n  cumuliform c louds  exceeds t h e  d i s p e r s i o n  i n  s t r a t o 
form cloud cover  by a l m o s t  an  order  of  magnitude. The d i s p e r s i o n
of  t h e  f l u x e s  i n  in t ra -mass  cumulus cloud cover  i s  t h e  maximum a t  
a medium number o f  p o i n t s  of c loud cover.  The  p r o b a b i l i t y  dens i 
t i e s  of the  t o t a l  r a d i a t i o n  s t r o n g l y  depend upon t h e  number of  p o i n t s
of  c loud  cover.  I n  cont inuous  cover  ( o v e r c a s t )  the  d i s t r i b u t i o n  
of  the p r o b a b i l i t y , d e n s i t y  has a monomodal form and w i t h  a lesser 
number of p o i n t s  of c loud  cover ,  a bimodal form. The proximi ty  o f  
t h e  a u t o c o r r e l a t i o n  f u n c t i o n s  a t  a h igher  number of p o i n t s  of v a r i o u s  
forms of c loud cover  i s  a g e n e r a l  r u l e .  The a u t o c o r r e l a t i o n  func
t i o n s  of d i r e c t  and t o t a l  r a d i a t i o n  a l s o  t u r n  ou t  t o  be very  c l o s e .  

By means of  a i r c r a f t  measurements w e  succeeded i n  accumulat ing
adequate  material f o r  the s tudy  of s t r a tocumulus  and cumulus c louds  



[IV.22,23]. The  s t r u c t u r e  of the f l u x e s ,  because o f  d i f f e r e n t  
ave rag ing  throughout  t h e  area, depends upon the  d i s t a n c e  of  t he  
r a d i a t i o n  d e t e c t o r  from t h e  cloud l a y e r .  Usual ly  i n  a i r c r a f t  
measurements the  ave rag ing  throughout  space  i s  less t h a n  i n  ground 
measurements w i t h  r e s p e c t  to t i m e ,  and t h e r e f o r e  t he  d i s p e r s i o n  of 
the f l u x e s  i s  greater and the c o r r e l a t i o n  d e c r e a s e s  more r a p i d l y .
Never the l e s s ,  t h e  c h a r a c t e r i s t i c s  of t h e  r a d i a t i o n  f i e l d s  and 
cloud f i e l d s ,  ob ta ined  acco rd ing  to a i r c r a f t  and ground measure
ments, are c l o s e ,  and supplement each  o t h e r  CIV.161. For cumulus 
cloud cover  the  dependence of a u t o c o r r e l a t i o n  f u n c t i o n s  and d i s 
t r i b u t i o n  f u n c t i o n s  of  t h e  p r o b a b i l i t y  d e n s i t y  and the s p e c t r a l
d e n s i t y  upon the  number of p o i n t s  of c loud  cover  was s t u d i e d  i n  
d e t a i l .  

The dependence of  the s t a t i s t i c a l  parameters  of  t h e  r a d i a t i o n  
f i e l d  upon the  d u r a t i o n  of  sunshine  w a s  cons ide red  C I V . 2 0 1 .  

It was demonstrated t h a t  t h i s  parameter i s  n o t  i d e n t i c a l  t o  
t h e  number of p o i n t s  of cloud cover ,  as t h i s  i s  u s u a l l y  assumed i n  
meteorology, and c o n t a i n s  i n  i t s e l f  more in fo rma t ion  concern ing  
t h e  r a d i a t i o n  p r o p e r t i e s  of  t h e  c louds  t h a n  a p o i n t  of  c loud cover.  

The s t r u c t u r e  of t h e  cloud f i e l d s  w a s  s t u d i e d  i n  greatest  de
t a i l  f o r  a case  of  intra-mass cumulus c loud  cover  [IV.20,23,25].
The o p t i c a l  p r o p e r t i e s  of  t h e  atmosphere i n  cumulus c loud  cover  
are determined no t  on ly  by t h e  q u a n t i t y  ( p o i n t s )  of  c louds ,  bu t  a l s o  
by t h e i r  t h i c k n e s s  ( v e r t i c a l  development) ,  d i s t r i b u t i o n  throughout  
the  s k y ,  dimensions,  e t c .  Because of t h e  c o n s i d e r a b l e  v e r t i c a l  
dimensions of cumulus c louds ,  t h e  p r o b a b i l i t y  o f  coverage of the  
sky  beg ins  t o  i n c r e a s e  e s s e n t i a l l y  a t  a z e n i t h  d i s t a n c e  of  t h e  
o r d e r  of  50°, which leads to a dec rease  i n  t h e  d u r a t i o n  o f  sunshine  
w i t h  a dec rease  of t he  a l t i t u d e  of  t he  sun ,  w i t h  a n  unchanged s t a t e  
of t h e  cloud cover .  T h e o r e t i c a l  models were c o n s t r u c t e d  f o r  c a l 
c u l a t i o n  of  t h e  coverage of t h e  sky  i n  t he  s i g h t i n g  d i r e c t i o n  cIV.251 
which ag ree  w e l l  w i t h  t h e  experiment [ I V ] .  The t i m e  and space  re
cu r rences  of t h e  coverage of  t h e  sun by c louds  i n  t h e  d i r e c t i o n  of 
t he  z e n i t h  demonst ra te  t ha t  small openings and s h o r t  c r o s s - s e c t i o n s  
of t h e  c louds  are most f r e q u e n t l y  encountered .  I n  t h i s  c a s e ,  t h e  /146 
average  number of c louds  or openings pe r  u n i t  o f  l e n g t h  i s  great
e s t  a t  a medium number of p o i n t s  of  c loud cover  i n  t h e  d i r e c t i o n  
of the  z e n i t h .  A u t o c o r r e l a t i o n  f o r  r e c u r r e n c e  of t he  c louds  de
c r e a s e s  much more r a p i d l y  t h a n  f o r  t o t a l  r a d i a t i o n .  I n  t h e  
quency range  from 0.06 t o  1 . 2  min-l, o r  from 0.15 t o  3.0 km-'Tethe 
s p e c t r a l  d e n s i t i e s  are w e l l  approximated by a power f u n c t i o n ,  and 
the  exponent i s  t h e  maximum a t  a medium number o f  p o i n t s  cIV.231. 
The n o t i c e a b l e  r o l e  of t he  semi- t ransparent  parts of cumulus c louds  
i n  the  formation of t h e  t o t a l  r a d i a t i o n  f l u x  w a s  a s c e r t a i n e d  c I V . 2 0 ) .  

188 




Ch the basis of experimental investigations, the effects of 
the quantity and distribution of cumulus cloud cover throughout the 
sky on the averaged magnitudes of the counter-radiation of the 
atmosphere CI.71 were calculated. 

The effect of fluctuations of the optical thickness of cirrus 

cloud cover on radiation transmission was theoretically considered 

cIV.241. In a fluctuating thickness of the cloud cover the radia

tion transmission is greater than in a homogeneous layer having

the same average optical thickness. 
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UDC 551,521; 551.576 
"Fea tu res  of Long-wave Rad ia t ion  I n f l u x  i n  S t ra toformous  Cloud Cover 
(Numerical Experiment)" ,  Pe t rova ,  L. V. and Ye. M. Feygel ' son ,  
Col lec t ion :  Teploobmen v a tmos fe re ,  "Nauka" , 1972, p . 7. 

The v e r t i c a l  p r o f i l e  of t h e  long-wave r a d i a n t  i n f l u x  of  heat 
i n  t h e  t roposphe re  i s  c a l c u l a t e d  as a f u n c t i o n  of  t h e  l e v e l s  of  
arrangement,  t h i c k n e s s ,  and q u a n t i t y  o f  c loud  l a y e r s ,  o f  t h e  d i s 
t r i b u t i o n s  o f  t empera tu re  and r e l a t i v e  humidi ty ,  o f  t h e  d i s t r i b u 
t i o n  of  t h e  a b s o l u t e  humidi ty  of  t h e  c l o u d s ,  and of  t h e  average
dimensions of  t h e  d rops .  The numer ica l  experiment  performed made 
it p o s s i b l e  to s t u d y  s e p a r a t e l y  t h e  r o l e  of  each  of  t h e  f a c t o r s  
l i s t e d  w i t h  t h e  o t h e r s  p re se rved  as c o n s t a n t s .  The s t r u c t u r e  of  
t h e  r a d i a t i o n  c o o l i n g  and h e a t i n g  n e a r  t h e  c loud  boundar ies  i n s i d e  
t h e  c loud  was s t u d i e d  i n  d e t a i l .  It was demonst ra ted  t ha t  t h e  
r a d i a t i o n  energy e f f e c t  o f  weak c loud  cover  i s  no t  s m a l l  w i t h  an  
a b s o l u t e  humidi ty  t ha t  i s  an  o r d e r  of magnitude l e s s  t h a n  t h e  
average  a b s o l u t e  humidi ty  of s t r a t o f o r m  c l o u d s .  1 t a b l e ,  3 i l l u s 
t r a t i o n s ,  6 r e f e r e n c e s .  

UDC 551,521 
"A Cloud as a Heat Sink",  Y e .  M. Feyge l ' son ,  Co1lection:Teploobmen 
v a tmos fe re ,  "Nauka", 1972, p .  16 ,  

A c loud  l a y e r  resembles a heat s i n k  because  i t s  r a d i a t i o n  
c o o l i n g  i s  g r e a t ,  amounting to approximate ly  h a l f  t h e  g e n e r a l  cool
i n g  of  t h e  e n t i r e  column of  t h e  atmosphere,  and depends s l i g h t l y  
upon t h e  t h i c k n e s s  o f  t he  c loud .  It i s  demonst ra ted  t h a t  c o o l i n g
i s  b a s i c a l l y  c o n c e n t r a t e d  n e a r  t h e  upper  boundary of  t h e  c loud  
l a y e r  and i s  p a r t i a l l y  compensated by h e a t i n g  n e a r  t h e  lower bound
a ry .  Simple and p h y s i c a l l y  c l e a r  approximate formulas  were ob
t a i n e d  for c a l c u l a t i o n  o f  r a d i a n t  i n f l u x e s  to t h e  boundary l a y e r s
of  t h e  c loud ,  to t h e  e n t i r e  column of  t h e  c loud  l a y e r ,  t h e  l a y e r  



above the  c loud ,  and the l aye r  below the c loud .  The e r r o r  o f  t h e  
assumption of t he  equ iva lence  of t h e  c loud  to b l a c k  r a d i a t i o n  was 
e s t i m a t e d ,  and t h e  boundar i e s  o f  the a p p l i c a b i l i t y  of  t h i s  approxi 
mation were de termined .  1 tab le ,  2 i l l u s t r a t i o n s ,  6 r e f e r e n c e s .  

UDC 551.521 
"Some Approximate Methods o f  C a l c u l a t i n g  Radiant  Heat T r a n s f e r  i n  
a Cloudless  Atmosphere", Ginzburg, A.  S. and Y e .  M. Feyge l ' son ,  
Co l l ec t ion :  Teploobmen v a tmos fe re ,  "Nauka", 1972,  p .  26. 

S i m p l i f i e d  methods of c a l c u l a t i n g  the  f l u x e s  of  long-wave
r a d i a t i o n  and i n f l u x  of  heat are d i s c u s s e d  i n  connec t ion  w i t h  l a r g e -
s c a l e  problems of  dynamic meteorology. The c a l c u l a t i o n  method con
s i d e r i n g  h e a t  t r a n s f e r  w i t h  the  u n d e r l y i n g  s u r f a c e  and c o o l i n g  i n  
space i s  cons ide red ,  and a l s o  a method based on the  assumption of  
t h e  &-shaped n a t u r e  of t h e  second d e r i v a t i v e  o f  t he  t r a n s m i s s i o n  
f u n c t i o n .  It i s  i n d i c a t e d  t ha t  these methods may be extended to 
a c a s e  of  c loud c o n d i t i o n s .  3 r e f e r e n c e s .  

UDC 551.521 
"Comparison o f  Various Methods of  C a l c u l a t i n g  t h e  F i e l d  o f  Long-
wave Radia t ion" ,  Ginzburg, A .  S .  and K h .  Yu. N i y l i s k ,  Co l l ec t ion :  
Teploobmen v a tmos fe re ,  "Nauka", 1 9 7 2 ,  p .  30. 

R e s u l t s  of s u c c e s s i v e l y  more s i m p l i f i e d  c a l c u l a t i o n s  of  f l u x e s  
and i n f l u x e s  of heat are  compared w i t h  data from s p e c t r a l  c a l c u l a 
t i o n s .  For th ree  models of t h e  atmosphere,  f l u x e s  o f  long-wave
r a d i a t i o n  a t  l e v e l s  0 ,  1, 2 ,  4, 6, and 1 0  km,  and i n f l u x e s  of heat 
to the  k i l o m e t e r  layers  throughout  t h e  e n t i r e  column of t he  t ropo
sphe re  a r e  g iven .  P o s s i b l e  s o u r c e s  of  e r r o r s  o f  v a r i o u s  methods 
a r e  cons ide red  and t h e  magnitudes of  these e r r o r s  are e s t i m a t e d  
and a l s o  t h e  g e n e r a l  e r r o r s  of t he  method. 1 tab le ,  8 r e f e r e n c e s .  

UDC 551.521 
"Est imate  o f  t h e  Error i n  C a l c u l a t i o n  o f  Fluxes and I n f l u x e s  of 
T h e r m a l  Rad ia t ion  due t o  Errors o f  I n i t i a l  Me teo ro log ica l  Pa rame
t e r s " ,  N i y l i s k ,  K h .  Yu., Col1ection:Teploobmen v a tmos fe re ,  
"Nauka", 1 9 7 2 ,  p.  39. 

An estimate w a s  made of e r r o r s  o f  c a l c u l a t i o n  of f l u x e s  and 
i n f l u x e s  o f  thermal r a d i a t i o n  of the  atmosphere o r i g i n a t i n g  as a 
consequence of e r r o r s  o f  t he  i n i t i a l  m e t e o r o l o g i c a l  data. It i s  
demonstrated t ha t  t h e  accuracy  of  measurement o f  t h e  a tmsopher ic  
t empera tu re  t h a t  can  be achieved  a t  t h e  p r e s e n t  t i m e  i s  e n t i r e l y
s a t i s f a c t o r y  f o r  c a l c u l a t i o n  of i n t e g r a l  r a d i a t i o n  f l u x e s ,  b u t ,  
however, i t  i s  n e c e s s a r y  to i n c r e a s e  t he  accuracy  of t he  measure
ments of t he  c h a r a c t e r i s t i c s  of  r e l a t i v e  humidi ty .  2 tables ,
6 r e f e r e n c e s .  



UDC 551.576 /150
"On C a l c u l a t i o n s  of  t h e  Thermal  Rad ia t ion  of t he  Atmosphere i n  
Broken Cloud Cover", N i y l i s k ,  K h .  Yu., C o l l e c t i o n :  Teploobmen v 
a tmos fe re ,  "Nauka", 1972, p .  46 .  

P o s s i b i l i t i e s  o f  the  c a l c u l a t i o n  of f l u x e s  o f  counter -
r a d i a t i o n  of  t he  atmosphere i n  broken c loud  cover  are cons ide red  
and ana lyzed .  S imple  formulas  are proposed f o r  d e t e r m i n a t i o n  o f  
averaged v a l u e s  o f  f l u x e s  o f  t h e  thermal r a d i a t i o n  of  t he  atmo
sphere throughout  a t e r r i t o r y .  5 r e f e r e n c e s .  

UDC 551.521.3 
" V e r t i c a l  P r o f i l e s  of F luxes  of Long-wave Rad ia t ion  i n  a Cloud 
Atmosphere (Measurements and C a l c u l a t i o n s ) " ,  Goysa, N.  I . ,  V. D. 
Oppengeym, and Y e .  M. Feygel ' son ,  Co l l ec t ion :  Teploobmen v atmos
f e re ,  "Nauka", 1972, p.  50.  

The r e s u l t s  of  a se r ies  of measurements of  long-wave radia
t i o n  f l u x e s  and e f f e c t i v e  r a d i a t i o n  i n  c loud  c o n d i t i o n s  from a n  
a i r c r a f t  i n  t he  daytime a r e  g iven ,  as o b t a i n e d  by means o f  radia
t i o n  thermoelements and a Yanishevskiy ba l ance  gauge. On t h e  
b a s i s  of 25 v e r t i c a l  p r o f i l e s  of  t h e  e f f e c t i v e  r a d i a t i o n  i n  s i n g l e -
l aye r  S t  c louds  a n  expe r imen ta l  r a d i a t i o n  model o f  t h e  "average
s t r a t o f o r m  cloud11 was c o n s t r u c t e d .  C a l c u l a t i o n s  were made of  t he  
r a d i a t i o n  f l u x e s  and i n f l u x e s  by means o f  a n  i n t e g r a l  t r a n s m i s s i o n  
f u n c t i o n  o f  a c loudy atmosphere,  and r e s u l t s  o f  t he  c a l c u l a t i o n s  
were compared with data from measurements. 1 tab le ,  1 i l l u s t r a 
t i o n ,  7 r e f e r e n c e s .  

UDC 551.521.3 
n T r a n s f e r  of  S o l a r  R a d i a t i o n  i n  t h e  Atmosphere", Avaste,  0. A. ,  
Co l l ec t ion :  Teploobmen v a tmosfere ,  "Nauka", 1972 ,  p .  54. 

A b r i e f  survey  i s  g iven  of  t h e  b a s i c  r e s u l t s  i n  t h e  i n v e s t i 
g a t i o n  o f  f l u x e s  and i n f l u x e s  of short-wave r a d i a t i o n  ob ta ined  by
t h e  a u t h o r  i n  1960-1969. The method of  c a l c u l a t i o n  o f  t h e  f l u x e s  
and i n f l u x e s  i n  a c l o u d l e s s  and a cloudy atmosphere i s  considere 'd.  
The r e s u l t s  of c a l c u l a t i o n  of  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  of 
t he  d i u r n a l  sums of  d i r e c t  solar r a d i a t i o n  absorbed  are g iven .
It i s  demonstrated t h a t  i n  t h e  use  of  t h e  average  v a l u e  of  t h e  
c o s i n e  of  t h e  z e n i t h  a n g l e  of  t h e  sun f o r  a g iven  c a l e n d a r  day 
t h e  e r r o r s  ( i n  w i n t e r )  i n  t he  h i g h  l a t i t u d e s  r e a c h  60%.  I n  t he  
p resence  of cont inuous  c loud  cover  ( o v e r c a s t )  t he  a b s o r p t i o n  of  
short-wave r a d i a t i o n  i n  t he  c loud  l aye r ,  l a y e r  above t h e  c loud ,  
and l a y e r  below t h e  c loud  was estimated. I n  t h e  l aye r  below the  
c loud  c o n s i d e r a b l y  l e s s  s o l a r  r a d i a t i o n  i s  absorbed t h a n  i n  t he  
same l aye r  i n  a c l e a r  sky .  Formulas are  g iven  f o r  c a l c u l a t i o n  
of  t h e  average  f l u x  and i n f l u x  of s o l a r  r a d i a t i o n  i n  broken c loud  
cover .  5 t ab les ,  4 i l l u s t r a t i o n s ,  15 r e f e r e n c e s .  



UDC 551.521.3 
"On , t h e  C a l c u l a t i o n  of  t h e  I n t e g r a l  Flux and I n f l u x  of S o l a r  
Radia t ion" ,  Avaste,  0. A . ,  L.  D. Krasnokutskaya, and Y e .  M. 
Feygel ' son ,  Col lec t ion :  Teploobmen v a tmosfere ,  "Nauka", 1 9 7 2 ,  
p .  67.  

The dependence of  t he  f l u x  of s o l a r  r a d i a t i o n  s t r i k i n g  t h e  
earth's s u r f a c e  upon t h e  p o l l u t i o n  of t he  atmosphere and the  con
t e n t  of water  vapor  w a s  i n v e s t i g a t e d .  The v i s i b l e  and i n f r a r e d  
r e g i o n s  of the  spectrum are cons idered  s e p a r a t e l y .  Approximate
formulas  are g iven  f o r  c a l c u l a t i o n  of t h i s  f l u x  and the  correspond
i n g  i n f l u x  i n  c l o u d l e s s  c o n d i t i o n s .  1 tab le ,  2 i l l u s t r a t i o n s ,
5 r e f e r e n c e s .  

UDC 551.521 
" R e f l e c t i o n ,  Transmission,  and Absorbtion of Rad ia t ion  by Clouds 
i n  t h e  Absorbtion Bands of Water Vapor", Krasnokutskaya, L. D . ,  
and L, M.  Romanova, Col lec t ion :  Teploobmen v a tmos fe re ,  "Nauka", 
1972 ,  p. 7 2 ,  

The s p e c t r a l  and i n t e g r a l  a lbedos ,  t r a n s m i s s i o n ,  and absorp
t i o n  o f  t h e  s o l a r  r a d i a t i o n  by a homogeneous, monodispersed s t r a t o 
form cloud i n  t h e  i n f r a r e d  r e g i o n  of t h e  spectrum, 0.7-3.5 micron, 
were ca l -cu la ted .  For t h e  c a l c u l a t i o n s ,  t h e  d i s t r i b u t i o n s  of l i g h t
d e p a r t i n g  from the  c loud  were used,  a long  t h e  p a t h ,  and a l s o  ex
p e r i m e n t a l l y  ob ta ined  t r a n s m i s s i o n  f u n c t i o n s  of  water vapor .  The 
q u a n t i t i e s  i n d i c a t e d  were ob ta ined  f o r  an  o p t i c a l  t h i c k n e s s  of 
t h e  c loud  -cc0 = 0 0 ,  30, 2 0 ,  and d e n s i t i e s  of water vapor pv = 1 

and 5 g / m  3 . 2 tab les ,  1 7  r e f e r e n c e s .  

UDC 551.501:52 
"Average V e r t i c a l ,  S t r u c t u r e  of t h e  F i e l d  o f  Short-wave Rad ia t ion  
i n  S t r a to fo rm St and Sc Cloud Cover", Goysa,  N .  I .  and V. M. Shoshin 
Col lec t ion :  Teploobmen v a tmosfere  , "Nauka" , 1972, p . 92.  

According to data from a c t i n o m e t r i c  sounding of t h e  lower 
t roposphe re  (up to 3 k m )  i n  t h e  presence  o f  s i n g l e - l a y e r  s t r a t u s  
and s t ra tocumulus  c louds  ( 2 5  c a s e s )  averaged v e r t i c a l  p r o f i l e s  of 
t he  a b s o l u t e  humidi ty ,  t r a n s m i s s i o n ,  and a b s o r p t i o n  f a c t o r s  of  
short-wave r a d i a t i o n ,  short-wave a lbedo ,  ba lance  of  short-wave 
r a d i a t i o n ,  r a d i a t i o n  i n f l u x e s  of h e a t ,  and ra tes  of r a d i a t i o n  
h e a t i n g  due to short-wave r a d i a t i o n  i n  t h e  cloud-forming l a y e r
c o n t a i n i n g  t h e  "average" s t r a t o f o r m  cloud were c o n s t r u c t e d .  It 
w a s  demonstrated tha t  t he  b a s i c  parameters a r e :  t h e  t h i c k n e s s  
( v e r t i c a l  development ) and a b s o l u t e  humidi ty  of  t he  "average" c loud ,  
which a g r e e  w e l l  w i t h  the  s t a t i s t i c a l  c h a r a c t e r i s t i c s  ob ta ined  by
o t h e r  a u t h o r s  on t h e  basis of a large volume of  material  from ob
s e r v a t i o n s .  The  p r o f i l e s  of t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  i n d i 
c a t e d  above were ob ta ined  f o r  an  i d e a l  c a s e  ( a lbedo  of  the  under
l y i n g  s u r f a c e  e q u a l  to z e r o )  and f o r  i n d i v i d u a l  r e a l  v a l u e s  of 
the  albedo.  3 t ab les ,  1 i l l u s t r a t i o n ,  4 r e f e r e n c e s .  
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UDC 551.501:52 
"Experimental  I n v e s t i g a t i o n s  of  Fluxes of S o l a r  Rad ia t ion  i n  t h e  /l5l
Lower Troposphere i n  S t  and Sc Clouds", Goysa, N. I. and V. M. 
Shoshin,  Col lec t ion :  Teploobmen v a tmos fe re ,  "Nauka", 1972, p i  78. 

Data from 1 1 2  v e r t i c a l  soundings of St-Sc c loud  l a y e r s  are ' 

analyzed.  A q u a n t i t a t i v e  c h a r a c t e r i s t i c  of t h e  dependence of the 
a lbedo ,  r e l a t i v e  t r a n s m i s s i o n ,  e f f e c t i v e  a b s o r p t i o n  c a p a b i l i t y ,
and a l s o  t h e  a t t e n u a t i o n  f a c t o r ,  s c a t t e r i n g  f a c t o r ,  and a b s o r p t i o n
f a c t o r  upon the b a s i c  parameters of  the  c loud  cave r :  v e r t i c a l  
development, water r e s e r v e ,  and upon t h e  a l t i t u d e  of t h e  sun,  h_e, 
was ob ta ined .  The d i u r n a l  ra te  o f  r a d i a t i o n  h e a t i n g  of  St-Sc as 
a f u n c t i o n  of  t h e i r  v e r t i c a l  development i n  t h e  c o l d  season  of  
t h e  year a t  l a t i t u d e s  o f  45, 50, and 55O w a s  estimated. A c loud  
w i t h  a v e r t i c a l  development of 350 m i s  heated due to a b s o r p t i o n
of  short-wave r a d i a t i o n  by 0.4 degree/day i n  December and by 3.5 
degrees/day i n  A p r i l  a t  a l a t i t u d e  of 55", t h e  cor responding  mag
n i t u d e s  a t  a l a t i t u d e  of 45O amount t o  1 . 0  and 4.0 degrees/day,
6 tables ,  2 i l l u s t r a t i o n s ,  1 9  r e f e r e n c e s .  
1 9  r e f e r e n c e s .  

UDC 551.511.33 
"On t h e  Clos ing  of t h e  Equat ion of Heat Flux i n  t h e  Boundary
L a y e r  of t h e  Atmosphere (According to Experimental  Data)", Tsvang,
L. R . ,  Col1ection:Teploobmen v a tmos fe re ,  "Nauka", 1972, p .  1 0 0 .  

A survey of  works performed i n  t he  I F A  w i t h  r e s p e c t  t o  meas
urements of t u r b u l e n t ,  r a d i a t i o n ,  and a d v e c t i v e  i n f l u x e s  of heat 
i s  g iven ,  and a l s o  concern ing  measurements of t he  s p e c t r a  o f  
t u r b u l e n t  heat f l u x e s  a t  a l t i t u d e s  from 2.5 t o  500 m. 

UDC 551.521.3 

"Determination of t h e  Rad ia t ion  Heat Flux i n  t h e  Boundary Layer 

of  t h e  Atmosphere", Oppengeym, V. D. and G .  P.  Faraponova, 

Col lec t ion :  Teploobmen v a tmos fe re ,  "Nauka", 1 9 7 2 ,  p .  l o 7  . 


Data are g iven  r e l a t i v e  to f l u x e s  of short-wave and long-
wave r a d i a t i o n  i n  t h e  daytime and n i g h t t i m e  over  the  s teppe and 
over  the sea, measured from an a i r c r a f t  by means of  r a d i a t i o n  
thermoelements.  The magnitudes of the  r a d i a t i o n  v a r i a t i o n  of t h e  
tempera ture  f o r  t he  lower layers of  t h e  t roposphe re  up t o  a n  a l t i 
tude  of 1500 m were c a l c u l a t e d .  1 t ab le ,  1 i l l u s t r a t i o n ,  1 refer
ence.  

UDC 551.521 

"Some Problems of t h e  Methodology o f  Measurement of Average Fiuxes 

of Short-wave Rad ia t ion  i n  Cloud Cover", Mullamaa, Yu. R . ,  V. K. 

Pyldmaa, and M. A.  Su lev ,  Col1ection:Teploobmen v a tmos fe re ,  

''Nauka", 1972,  p .  111. 


I n  measurements of t h e  v a r i a b l e  p r o c e s s ,  one r e a d i n g . t a k e n  



s e p a r a t e l y  i s  random i n  n a t u r e ,  and t h e r e f o r e  f o r  o b t a i n i n g  re l i 
able in fo rma t ion  a c e r t a i n  averaging  i s  r e q u i r e d .  On the  basis 
of expe r imen ta l  material it was demonstrated t h a t  i n  measurements 
of f l u x e s  of  short-wave r a d i a t i o n  i n  a cloudy atmosphere ave rag ing
throughout  a space  of  25-100 k m  i s  r e q u i r e d  and t h e  optimum d i s 
c r e t i z a t i o n  spac ing  i s  l o c a t e d  w i t h i n  l i m i t s  o f  0.4-7.0 km.  Ade
q u a t e  ave rag ing  i n  space  o r  t i m e  makes it p o s s i b l e  t o  dec rease  t h e  
d i s p e r s i o n  of the average  r a d i a t i o n  f l u x  by an  o r d e r  of magnitude
i n  comparison w i t h  one r e a d i n g  t a k e n  s e p a r a t e l y .  For  a f u r t h e r  
dec rease  i n  the e r r o r ,  a cons ide rab le  i n c r e a s e  i n  t he  ave rag ing
s c a l e  i s  r e q u i r e d ,  which i s  u s u a l l y  p r a c t i c a l l y  imposs ib le .  Thus, 
i n  measurements of the  average r a d i a t i o n  f l u x e s  i n  n a t u r a l  condi
t i o n s  t he  accuracy  o f  the  r e s u l t  ob ta ined  i s  determined no t  on ly
by t h e  accuracy  of t he  in s t rumen t s  bu t  p r i m a r i l y  by t h e  n a t u r e  of 
t h e  v a r i a b i l i t y  of t he  q u a n t i t y  be ing  measured. 4 i l l u s t r a t i o n s ,
3 r e f e r e n c e s .  

UDC 551.521; 551.576 
"On t h e  Accuracy of' t h e  Averaging o f  T o t a l  Rad ia t ion  Fluxes" ,  
Pyldmaa, V. K . ,  Col1ection:Teploobmen v a tmos fe re ,  "Nauka", 1972, 
p.  119. 

The n a t u r e  of  t h e  v a r i a b i l i t y  of the f i e l d  of t o t a l  r a d i a t i o n  
i n  t i m e  depends upon t h e  form and q u a n t i t y  of the  clouds and there
f o r e  a l s o  t h e  accuracy  of  t h e  de te rmina t ion  o f  average  f l u x e s  of 
r a d i a t i o n  depends upon t h e  parameters  o f  the cloud f i e l d .  By u s i n g
expe r imen ta l  data concerning the  v a r i a b i l i t y  of  the r a d i a t i o n  f i e l d ,  
t h e  degree of accuracy  of ave rag ing  of  the f l u x e s  of  t o t a l  radia
t i o n  i n  c e r t a i n  s p e c i f i c  c o n d i t i o n s  of c loud  cover  t h a t  i t  i s  pos
s i b l e  t o  ach ieve  i s  cons idered .  5 i l l u s t r a t i o n s ,  2 r e f e r e n c e s .  

UDC 551.521; 551.576 
"On t h e  Methodology of t h e  Study o f  t he  S t a t i s t i c a l  S t r u c t u r e  of 
Ground Fluxes o f  S o l a r  Rad ia t ion  i n  Cloudy Condit ions" ,  Timanov
skaya, R.  G .  and Y e .  M. Feygel ' son ,  Col1ection:Teploobmen v atmos
fere,  "Nauka", 1972, p.  125. 

E s t i m a t e s  of t h e  steady-state n a t u r e  of  t h e  p rocess  of  t he  
v a r i a b i l i t y  i n  t i m e  o f  t o t a l  r a d i a t i o n  f l u x e s  a t  t h e  s u r f a c e  of 
t h e  ear th  accord ing  t o  data from cont inuous  r e c o r d i n g s  of a c t i n o 
m e t r i c  measurements are g iven .  The maximum p e r i o d  of  o b s e r v a t i o n s  
i s  determined that i s  adequate  t o  o b t a i n  re l iab le  c h a r a c t e r i s t i c s  
of  the  s t a t i s t i c a l  s t r u c t u r e  o f  t h e  f l u x e s  i n  c o n d i t i o n s  of  cumulus 
c loud  cover  and cont inuous  cloud cover  of  v a r i o u s  forms. 1 table ,  
2 i l l u s t r a t i o n s ,  2 r e f e r e n c e s .  

UDC 551.521; 551.576 
"To ta l  Rad ia t ion  a t  t h e  Sur face  of t h e  E a r t h  i n  Various Condit ions 
of  Cloud Cover", Pyldmaa, V. K. and R. G.  Timanovskaya, C o l l e c t i o n :  
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Teploobmen v a tmos fe re ,  "Nauka", 1972, p.  131. 
The v a r i a b i l i t y  i n  t i m e  o f  f l u x e s  of  t o t a l  r a d i a t i o n  a t  the  

s u r f a c e  o f  t h e  ea r th  i n  v a r i o u s  forms and number of p o i n t s  o f  c loud  
cover  i s  i n v e s t i g a t e d .  C e r t a i n  s t a t i s t i c a l  pa rame te r s  o f  the  t o t a l  
r a d i a t i o n  f i e l d  i n  cumulus c loud  cover  are cons ide red .  3 tab les ,
5 i l l u s t r a t i o n s ,  1 r e f e r e n c e .  

UDC 551.576 / I 5 2"Some Parameters  o f  Cumulus Clouds Obtained According t o  Photo- -
graphs of  t h e  Sky and from Ground Act inometr ic  Measurements", 
Timanovskaya, R.  G. and Y e .  M.  Feyge l ' son ,  Col1ection:Teploobmen 
v a tmos fe re ,  "Nauka", 1 9 7 2 ,  p .  138. 

According to photographs o f  t h e  sky and from ground a c t i n o 
m e t r i c  measurements t h e  i n t e r r e l a t i o n s h i p  of  t he  g e n e r a l  number of 
p o i n t s  of cumulus c louds  and t h e  zonal  number of  p o i n t s  i n  t h e  d i r e c 
t i o n  to t h e  sun  w i t h  t h e  d u r a t i o n  of  sunshine i s  d i s c u s s e d .  2 
tables ,  4 i l l u s t r a t i o n s ,  5 r e f e r e n c e s .  

UDC 551.521; 551.576 
"Fluxes of S o l a r  Rad ia t ion  a t  t h e  Sur face  o f  t h e  E a r t h  i n  Cumulus 
Cloud Cover", Timanovskaya, R.  G. and Ye. M. Feyge l ' son ,  C o l l e c t i o n :  
Teploobmen v a tmos fe re ,  "Nauka", 1972, p .  146 .  

The s t a t i s t i c a l  s t r u c t u r e  of  f l u x e s  of  d i r e c t  and t o t a l  radi
a t i o n  a t  t h e  s u r f a c e  of t he  ear th  as a f u n c t i o n  of  t h e  s t a t e  of  
cumulus c loud  cover  i s  i n v e s t i g a t e d ,  c h a r a c t e r i z e d  by t h e  g e n e r a l
number of p o i n t s  of cover  and by t h e  d u r a t i o n  of sunshine .  2 t a b l e g ,  
1 0  i l l u s t r a t i o n s ,  3 r e f e r e n c e s .  

UDC 551.521; 551.576 
" S p a t i a l  S t r u c t u r e  of t h e  F i e l d  of  Short-wave Rad ia t ion  i n  S t r a t o 
cumulus and Cumulus Cloud Cover", Su lev ,  M.  A .  C o l l e c t i o n :  
Teploobmen v a tmos fe re ,  llNaukall, 1972, p .  152. 

An a i r b o r n e  i n v e s t i g a t i o n  w a s  made o f  t h e  s p a t i a l  v a r i a b i l 
i t y  o f  t h e  f i e l d s  of  short-wave r a d i a t i o n  and cloud cover  f o r  
c louds  of  t h e  Sc and Cu forms. Average s t a t i s t i c a l  c h a r a c t e r i s 
t i c s  of  the  f i e l d s  i n d i c a t e d  are g iven  ( a u t o c o r r e l a t i o n  f u n c t i o n ,  
s p e c t r a l  d e n s i t y ,  v a r i a b i l i t y  f a c t o r ) .  I n  a case  of Sc t h e  c o r r e 
l a t i o n  r a d i u s  f o r  r a d i a t i o n  f l u x e s  v a r i e s  w i t h i n  l i m i t s  from 1 . 5  
to 35 k m ,  t he  v a r i a b i l i t y  f a c t o r  from 0.15 to 0.5. With Cu the  
average  c o r r e l a t i o n  r a d i u s  i s  e q u a l  to 0.8  k m ,  t h e  v a r i a t i o n  
f a c t o r  to 0.3. 1 t a b l e ,  6 i l l u s t r a t i o n s .  

UDC 551.576 
" S t r u c t u r e  o f  t h e  F i e l d  of Cumulus Clouds", Mullamaa, Yu. R . ,  
V. 	 K. Pyldmaa, and M. A. Su lev ,  Col1ection:Teploobmen v a tmos fe re ,  
llNaukall, 1972,  p .  161 .  

A t h e o r e t i c a l  a n a l y s i s  w a s  made of ground and a i r b o r n e  meas
urements of  t h e  p resence  of  c louds  i n  t h e  d i r e c t i o n  o f  t he  z e n i t h .  



By modeling the  cumulus c loud  covep o f  t h e  normal random s u r f a c e ,  

l i m i t e d  from a c e r t a i n  l e v e l ,  a n a l y t i c a l  formulas  were o b t a i n e d  

f o r  t h e  a u t o c o r r e l a t i o n  f u n c t i o n ,  p r o b a b i l i t y  d e n s i t y  of t h e  num

b e r  o f  openings i n  c louds  as a f u n c t i o n  o f  t h e i r  d u r a t i o n  (or

l e n g t h ) ,  f requency  of  openings or c louds ,  i . e . ,  t h e i r  number p e r 

u n i t  of  l e n g t h  or u n i t  o f  t i m e .  A good agreement o f  t h e  model 

w i t h  t h e  expe r imen ta l  data i s  observed .  3 i l l u s t r a t i o n s ,  3 refer 

ences .  


UDC 551.576 

"On t h e  Transmiss ion  o f  S o l a r  R a d i a t i o n  b y  S t r a t o f o r m  Cloud Cover 

as a Funct ion  o f  t h e  S t a t i s t i c a l  C h a r a c t e r i s t i c s  o f  i t s  S t r u c t u r e " ,  

Mullamaa, Yu. R . ,  Col1ection:Teploobmen v a tmos fe re ,  "Nauka", 1 9 7 2 ,  

p.  1 6 6 .  

The v a r i a b i l i t y  o f  t h e  t r a n s p a r e n c y  o f  an  o p t i c a l l y  dense 
c loud  l a y e r  i s  t h e o r e t i c a l l y  cons ide red  as a f u n c t i o n  o f  t h e  v a r i 
a b i l i t y  o f  i t s  o p t i c a l  t h i c k n e s s ,  caused by t h e  v a r i a b i l i t y  o f  
t h e  a l t i t u d e  o f  t h e  lower and upper  boundar i e s ,  t h e  a b s o l u t e  hu
m i d i t y ,  and t h e  m i c r o s t r u c t u r e .  I n  t h e  a n a l y s i s  i t  i s  proposed 
to c o n s i d e r  t he  o p t i c a l  t h i c k n e s s  o f  s t r a t o f o r m  c loud  cover  as a 
normal random f u n c t i o n .  It  was found t h a t  t h e  p r o b a b i l i t y  d e n s i t y
f u n c t i o n  i s  asymmetr ica l  and extended toward t h e  s i d e  of  g r e a t e r  
t r a n s p a r e n c y .  Approximate formulas  were d e r i v e d  f o r  c o n s i d e r a t i o n  
of t h e  dependences of  t he  average  t r a n s p a r e n c y  and t r a n s p a r e n c y
d i s p e r s i o n  upon t h e  average  o p t i c a l  t h i c k n e s s  and i t s  d i s p e r s i o n s .  
It t u r n s  o u t  t h a t  t h e  average  t r a n s p a r e n c y  i s  a d i r e c t  f u n c t i o n  
o f  t h e  d i s p e r s i o n  o f  t h e  o p t i c a l  t h i c k n e s s  and an i n v e r s e  f u n c t i o n  
o f  t h e  average  o p t i c a l  t h i c k n e s s .  The d i s p e r s i o n  of  t h e  t r a n s 
parency i n  t h e  f i r s t  approximation depends l i n e a r l y  upon t h e  d i s 
p e r s i o n  of t h e  o p t i c a l  t h i c k n e s s  and i s  p r o p o r t i o n a l  t o  t h e  t r a n s 
parency of a homogeneous l a y e r  to a power of  f o u r  a t  t h e  average
o p t i c a l  t h i c k n e s s .  For  a d e s c r i p t i o n  o f  t h e  l i g h t  regime i n  
heterogeneous media,  as ide from average  c h a r a c t e r i s t i c s  o f  t h e  
media, i t  i s  n e c e s s a r y  to know t h e i r  d i s p e r s i o n s ,  c o r r e l a t i o n  func
t i o n s ,  and i n  t h e  s o l u t i o n  o f  c e r t a i n  problems a l s o  t he  d i s t r i b u 
t i o n  f u n c t i o n s .  3 i l l u s t r a t i o n s ,  1 r e f e r e n c e .  

UDC 551.576 
"On the  Coverage o f  t h e  Sky b y  Clouds" Avaste,  0. A . ,  Yu. R. 
Mullamaa, K h .  Yu. N i y l i s k ,  and M. A.  Su lev ,  Col1ection:Teploobmen 
v a tmos fe re ,  "Nauka", 1 9 7 2 ,  p.173.

Three c a l c u l a t i o n  schemes are g iven  f o r  de t e rmina t ion  o f  t he  
averaged v a l u e s  o f  t h e  p r o b a b i l i t y  o f  t he  coverage o f  t h e  s i g h t i n g
d i r e c t i o n  and t h e  number of  p o i n t s  of  cumulus c loud  cover  as a 
f u n c t i o n  o f  t h e  ave rage  coverage i n  t h e  d i r e c t i o n  of  t h e  z e n i t h  
and t h e  n a t u r e  of  t h e  d i s t r i b u t i o n  of  c louds  throughout  t h e  s k y .  
A s a t i s f a c t o r y  agreement i s  observed  between t h e  r e s u l t s  o b t a i n e d  
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accord ing  t o  v a r i o u s  c a l c u l a t i o n  schemes. I n  cumulus c louds ,  t h e  
coverage o f  t h e  s i g h t i n g  d i r e c t i o n s  by c louds  beg ins  t o  i n c r e a s e  
cons ide rab ly  a t  z e n i t h  d i s t a n c e s  g r e a t e r  t h a n  50°. The number o f  
p o i n t s  o f  cumulus cloud cover  measured from a r t i f i c i a l  ear th  satel
l i t e s  i s  a lways  less t h a n  t h e  number o f  p o i n t s  a t  t h e  earth 's  su r 
f a c e ,  which must be born  i n  mind i n  t h e  use  of s a t e l l i t e  data 
w i t h  r e f e r e n c e  t o  ground c o n d i t i o n s .  A s a t i s f a c t o r y  agreement o f  
t h e  c a l c u l a t e d  data w i t h  t he  expe r imen ta l  data i s  observed.  2 
i l l u s t r a t i o n s ,  5 r e f e r e n c e s .  
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